Chapter 5

Functionalized fullerene-Cego-TiO;
nanostructures composites for efficient VOC
sensing

5.1 Introduction

Fullerene, the third allotrope of carbon having a cage like structure exists in different forms
like -Cs0, C70, C20 [1]. Ceo fullerene is composed of five to six sp? hybridized carbon rings
developing a cut off icosahedron structure. This cage like structure of fullerene comprises of
hexagons and pentagons with interchanging single and double bond [2],[3]. Fullerene-Ceso
molecules are highly active because of its curved structure providing high energy to its double
bonds. Fullerene possesses both electrophilic and nucleophilic behaviour with a fondness
towards electrons. Electron deficient nature of fullerene is due to the presence of unstable
double bonds at the pentagon rings. Different fascinating electrochemical properties are
possessed by Ceo fullerene like strong enormous surface to volume ratio, stable structure, long

living triplet state, plenty of conjugated & electrons and multiple redox states [4].

Individual fullerene and functionalized fullerene both are supportive in different domains of
nanoscience. Functionalization of fullerene drives it potentially with more stability and
enhanced hydrophilicity [5]. Functionalized fullerene has a high catalytic activity due to the
attached functional groups or radicals that enhance its surface reactivity. Hydration or oxidation
of fullerene give rise to the different functional groups attached on its surface which participate
majorly while synthesizing fullerene-based nanocomposites or different hybrids [4]. Different
methods have been proposed to synthesize aqueous solution of fullerene with the aim to
produce a reasonable nanomaterial having a high electron transport property [6-8]. Also, some
reports have been published depicting the advantages of functionalized fullerene with regard
to the nanocomposite synthesis and further representing the outspread applications [9-11].

The biocompatible and non-toxic nature of fullerene with antioxidant properties, has made
fullerene an alluring nanomaterial in the field of biosensors, clinical diagnosis and medicinal
chemistry [12]. Many articles have been published reporting fullerene-Ceo and its
nanocomposites as a dominant candidate in biosensors and pharmaceutical applications.
Sutradhar and Patnaik have reported non-enzymatic sensing characteristics for glucose
detection by functionalized fullerene-Ceo and Au nanocomposite. They have proposed a sensor
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showing high response magnitude (1.2HA mMZ*cm™) with prolonged stability and anti-
interference property [1]. Long and co-workers have demonstrated ultrasensitive DNA
detection by a photoelectrical biosensor based on methylene blue synthesized fullerene Ceo [13]

Multiple properties of fullerene have prompted researchers to explore its properties in different
fields but a very few experiments are carried out on fullerene or fullerene-nanocomposite based
chemical sensors. Furuuchi and group synthesized melon shaped nano porous fullerene-Ceo
crystals using liquid-liquid interfacial precipitation method. They have shown the nanoporous
structure supports easy diffusion and n-x interaction with sp? carbon enables excellent aromatic
vapor sensing [14]. Rather and group have synthesized an electrochemical sensor by
immobilizing Ceo particles on glassy carbon electrode for trace detection of bisphenol [15].
Smazna and co-workers fabricated ZnO tetrapod enveloped with variable Ceo flooding and
investigated the nanocomposite for efficient detection of ethanol [16]. Keshtkar and group have
prepared SnO.-quantum dot and fullerene nanohybrid by hydrothermal method for selective
detection of H,S at 200 °C [17].

To attain a high surface to the available volume, modern synthesis methods have been applied
by the researchers as compared to the accustomed techniques. Distinctive nanostructures
having unique dimensions hold different properties. Zero-dimensional (0-D) nanomaterial is
one of the most promising material with its unique nature. Excessive small size with large
functioning edges per unit mass and the quantum confinement effect makes 0-D materials
supreme among other nanomaterials [18]. One dimensional (1-D) nanostructures like wires,
tubes, rods, belts etc. have highly crystalline, undeviating and stable structure [19],[20]. Highly
porous 1-D nanotubes are significant as they can provide a strong base to the nanocrystals of
fullerene in composite form. However, a porous nanostructure on which fullerene nanocrystals
can be decorated homogeneously increases the amount of accessibility to surface interaction
sites significantly [16]. Similarly, two zero-dimensional nanoforms - fullerene and TiO>
nanoparticles can also be combined to form a nanohybrid.

This current chapter describes the fabrication of two different types Ceo-TiO2 nanostructure
composites. Ceo-TiO2 nanotubes array composites were synthesized by hydrothermal method
where five different samples were prepared by increasing the concentration of fullerene-Ceo
varying from 0 wt% to 0.05 wt% on electrochemically grown TiO nanotubes. All the samples
were examined through morphological, structural and optical characterizations. All the sensors
were subjected to variety of VOCs where highest sensitivity was achieved towards
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formaldehyde. Ceo fullerene particles were also decorated with TiO2 nanoparticles, the
structure was looking like Ceo encapsulated TiO2 nanoparticles. TiO2 nanoparticles were fully
covered with Ceo. The Ceo- TiO2 nanoparticles composite was synthesized via chemical route
by using hydrated fullerene-Cso and sol-gel derived undoped p-type TiO2 nanoparticles. The
nanocomposite was characterized morphologically and structurally comparing with pure Ceso
clusters and pure TiO2 nanoparticles as the reference materials.

5.2 Ceo -TiO2 nanotubes composites
5.2.1 Synthesis

1-D TiO2 nanotubes have been synthesized using electrochemical anodization route that has
been previously described in section 2.2.1 of chapter 2. High purity fullerene-Cgo from Sigma
Aldrich (99.9%) was used to prepare the aqueous solution of fullerene. Four different weight
percent water soluble fullerene solutions were prepared by a two-step process. The detailed
procedure to functionalize the fullerene nanoparticles has been explained in chapter 2.

Preparation of nanocomposite
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Fig. 5.1. Four major steps i.e. the synthesis of fullerene-Cgo water colloidal system, anodic growth of
the TiO2 nanotubes array, hydrothermal synthesis of fullerene-Ceo/TiO, nanotubes composites and
fabrication of the metal-insulator-metal (MIM) structured sensors, are shown in the flow diagram.

The nanocomposite was prepared by hydrothermal method where four pure TiO2 nanotube
array samples were dipped in four different fullerene-Ceo solutions with varied weight
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percentage i.e. 0.006, 0.01, 0.02 and 0.05 wt%. All the samples were then kept inside a teflon
lined stainless steel autoclave of 100 ml volume. The process was performed at 180 °C for 12
hours in hot air oven. All the synthesized Cgo-TiO2 composite samples (S1-S4) were cleaned
with DI water and ethanol and then dried in air at 250 °C for four hours.

Formation of functionalized Cgo with TiO>

Both hydrated individual fullerene molecules [Cqo@(H,0),,] and spherical fullerene clusters
of variable sizes [{Cso@(H,0),},,] exist in the fullerene water colloidal system. Fullerene
aqueous solution is composed of the spherical shells of linked water molecules around the Ceo
molecules which are formed by the transfer of electrons from oxygen atoms of water to the
fullerene molecule via the formation weak donor acceptor bond in the Cso-H2O complex [21].
Formation of fullerol from fullerene enhances the hydrophilicity and raises the different oxygen
functionalization groups which in turn helps in formation of stable composite (Fig. 5.1) [5].
The negative charge on fullerene clusters is due to movement of electrons from oxygen atoms
to fullerene molecules and the formation of H* ions (Eq.5.1) [21].

mCeo+: OH, & [{MmCqp} «:O0H]” + H (5.2)
Considering the above discussions, hydrated fullerene [Cq,@(H,0),,] can be represented as
Ceo@{xOH™.yH,0}Y*~.xH* , where n is the total number of water molecules existing in both
the ionized (x) and non-ionized (y) states and x+y=n [21]. However, depending on the
concentrations of fullerene-Cego in the water colloidal system, Cgq,@(H,0),, can form different
clusters of different sizes. In the current study, four different concentrations (0.006, 0.01, 0.02
and 0.05 wt%) of fullerene-Cso Were used to synthesize four different water colloidal systems
as shown in Fig. 5.1.

Ceo or functionalized Ceo (i.€. hydrated fullerene or fullerol) clusters form covalent bonds with
TiO2 (=Ti-OH) upon formation of nanocomposite. Synthesized nanocomposite is composed of
hydroxyl groups interlinked to TiO. with many oxygen links as represented in Eq.5.2 and in
Fig. 5.1 [22][23].

Ti — OH 4+ OH — C4o(OH)—q == Ti — 0C4o(OH)_, + H,0 (5.2)
Agqueous colloidal solution of fullerene consisting of individual fullerene molecules and
clusters provides high stabilization and activation on being decorated on TiO2 nanotubes.
Depending on the concentrations of the Ceo in four different colloidal solutions, size of the Ceo

clusters were different in four composites of Cego-TiO2 nanotubes.
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So, the clustered and individual fullerene-Ceo, functionalized with a large number of oxygen
species, forming a composite with TiO2 nanotubes were investigated for the VOC sensing in

the current study.

5.2.2 Characterization
Morphological characterization
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Fig. 5.2. (a) Scanning electron micrograph (SEM) of pure TiO2 nanotubes array (i.e. So)
indicating the side and top views. Analysis of cluster (particle) size of Ceo having different
concentrations i.e. Ceo i.e. (b) 0.006 wt%, (c) 0.01 wt%, (d) 0.02 wt% and (e) 0.05 wt%. SEM
images of Ceo-TiO2 composites with different concentrations of Ceo i.e. (f) S1 (0.006 wt% Ceo),
(9) S2 (0.01 wt% Ceo), (h) Ss (0.02 wt% Ceo) and (i) Sa (0.05 wt% Ceo).

The highly ordered morphology of the pure TiO2 nanotubes array is shown in Fig. 5.2(a). Size
distribution of spherical Ceo-clusters for different concentrations Ceo is shown in Fig. 5.2(b-e).
Particle size distribution was carried out from the FESEM images (inset in Fig. 5.2(b-e)) of
pure Ceo clusters synthesized from the solution of different concentrations of Ceo (i.€. 0.006 to
0.05 wt%). The size of the Ceo-cluster was measured with ImageJ software and plotted in the
form of particle counts as a function of particle size in nm in Fig. 5.2(b-€). The average cluster
size was increased with increase of Cgo concentration in the solution. The average cluster size
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was measured as 80 nm, 122 nm, 178 nm, and 225 nm for 0.006 wt%, 0.01 wt%, 0.02 wt%,
and 0.05 wt% Ceo solution, respectively (Fig. 5.2(b-e)).

10 mm

o~

Fig. 5.3. Transmission electron micrograph (TEM) of Ceo-functionalized TiO2 nanotubes (Ss).
(a, b) Ceo clusters are decorated on the side wall of TiO2 nanotubes. (c, d) Very small clusters
and individual spheres of Cgo attached on the wall of TiO2 nanotube. (e) High resolution TEM
(HRTEM) image of Ceo-TiO2 interface showing the lattice spacing of anatase TiO,. SAED
pattern in inset of figure (e).

FESEM image in Fig. 5.2(f-i) depicts the top surface decoration of Ceo clusters on TiO;
nanotubes. Hydrated fullerene-Cso molecules were aggregated and formed clusters of different
dimensions as estimated in Fig. 5.2(b-e) and decorated on the top of the TiO2 nanotubes. Owing
to the decoration of individual and clustered Ceo, surface roughness of the TiO2 nanotubes were
increased significantly as depicted in Fig. 5.2(f-i). Decoration of small and individual Ceo
spheres are completely invisible in the FESEM image in Fig. 5.2(f-i). Also, the decoration of
Ceo at the sidewall of the TiO. nanotubes is not evident from FESEM image. Therefore, a
detailed TEM analysis was performed to figure out the decoration of small and individual Ceo
spheres on TiO nanotube surface as shown in Fig. 5.3. However, the original morphology of
TiO2 nanotubes was not interrupted significantly after Ceo functionalization, as confirmed from
FESEM image in Fig. 5.2.

TEM image in Fig. 5.3(a) depicts the distribution of Ceo clusters of different sizes over the
surface of TiO2 nanotubes. The closed view of Ceo/TiO; interface in Fig. 5.3(b) indicates a
uniform coverage of TiO2 nanotube surface by Ceo clusters having quite a small dimensions as
compared to the average cluster size measured in Fig. 5.2(b-e). Fig. 5.3(c) and (d) show
extremely small cluster size of Ceo (< 5 nm) decorated to the TiO2 nanotube surface. Size of a
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few Ceo spheres is closed to 1 nm that indicates the existence of individual Ceo molecules in the
composite. The highly crystalline nature of the TiO> nanotubes is authenticated from the
discrete high-resolution spots with incomplete rings in the selected-area electron diffraction
(SAED) pattern in the inset of Fig. 5.3(e). High-resolution TEM (HRTEM) image in Fig. 5.3(e)
shows the Ceo/ TiO2 interface where inter-planer distance of 0.35 nm corresponds to the anatase
(101) crystal plane.

However, the TEM image undoubtedly confirms the enhancement of surface roughness and
porosity of the TiO. nanotubes due to the surface functionalization by Ceo of different clusters.
But the TEM image can only show a very small area of samples that is insufficient to compare
the overall surface area, the porosity of the composites having different concentrations of Ceo.
So, the overall surface area, average pore size, and pore volume of all the five samples (So-Sa4)
were estimated from the BET analysis.

BET analysis

Table 5.1: BET analysis of pure TiO2 nanotube array and Ceo-TiO2 composites.

Sample as BET Pore Size Pore
(m?/g) (nm) Volume
(cm3/g)
Pure TiO2NT (So) 1.74 28.36 2.466
Ce0(0.006Wt%)-TiO> (S1) 2.54 25.9 3.3
Ce0(0.01 Wt%)-TiO2 (S2) 5.92 24.58 3.5
Ce0(0.02 Wt%)- TiO> (Sa) 19.36 5.79 4
Ce0(0.05 Wt%)- TiO2 (S4) 1.14 56.43 15

While the microscopic characterizations showed the morphological overview of the Ceo-TiO>
nanotube composites, BET analysis provided the quantitative detailing of the surface area (as),
pore volume and pore size distribution of all the samples via nitrogen adsorption-desorption
curve. N2 was taken as the adsorptive and all the measurements were performed at 77 K. The
surface area, pore size and pore volume of each samples are compared in Table 5.1. These
results were aroused as the TiO2 nanotubes exhibit high porosity which was enhanced further
by the functionalization of Ceo particles/clusters. As compared to the pure TiO2 nanotubes (So),
surface area (as) was increased gradually from S; to Sz and decreased in the case of S4 as shown
in the Table 5.1. Therefore, Sz (0.02 wt% Ceo) exhibits highest surface area (as) of 19.36 m?/g
which is eleven times higher than the So. While the surface area increased from S; to Sz with
increase of the concentration of Cqo, S4 Showed least surface area among all, possibly due to the
excess intercalation of fullerene molecules into the pores of TiO2 nanotubes and thereby
reducing the overall surface area. Average pore size was found very less in Sz as compared to
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other samples whereas Sa exhibited quite a large average pore size, possibly due to the
aggregation of relatively large Ceo clusters outside the TiO2 nanotubes rather than entering into
the porous structure as shown in the FESEM image in Fig. 5.2(i). Therefore, average pore
volume was increased gradually from Sp to Sz and the lowest pore volume was calculated for
the Sa.

Structural characterization

X- ray diffraction patterns were studied for all the samples and represented in Fig. 5.4(a). The
sharp intensity peak near 25° confirmed the major contribution of anatase crystallinity (101) in
all the five samples (So-S4). However, a little increment of the rutile crystallinity in all the
nanocomposite samples after hydrothermal treatment is shown in Fig. 5.4(a). Rutile (110) peak
in all the nanocomposite samples is clearly visible near 28.8°. The low intensity peak at 36.1°
and 68.2° in nanocomposite samples corresponds to rutile (101) and (301) crystallinity,
respectively. Other anatase crystallinity peaks of (200), (105), (211) and (118) were observed
at 35°, 53.5°54.61° and 62.2°, respectively. All the other peaks labelled as “T” originated from
titanium substrate. The existence of Ceo in the nanocomposites is confirmed by the C (222)
orientation of carbon at 20.4" in S1-S4 samples [24],[25].

Raman spectra (Fig. 5.4(b)) of all the samples were collected by using 600 nm laser at room
temperature. The sharp peak at 144 cm™ (Eq) and the low intensity peaks at 195 cm™(Eg), 395
cm™?(Byg), 514 cm™ (Ag+Bg) and 634 cm™ (Ey) all accord with the anatase phase of TiO.. The
intensity of the Eq (144 cm™) peak is highest in pure TiO, nanotube sample and is decreased as
per the increase of fullerene concentration in the nanocomposite. Ss showed the lowest
intensity in all the five active modes of TiO.. The decreased intensity and broadening of peaks
of the nanocomposite samples can be attributed to the formation of defects with increment of
fullerene molecules due to the formation of covalent bonds between TiO; and Ceo (Ti-O-C=0
or Ti-O-C). In order to evaluate the presence of Ceo in the nanocomposite a scan 1000 cm™ to
1800 cm™ was examined as shown in the inset of Fig. 5.4(b). A small intensity peak at 1450
cm, observed in all the four nanocomposite samples (S1-Sa) is attributed to the pentagonal
pinch mode (Aq (2)) of Ceo particles [26]. The second small peak at 1568 cm™ is observed in
samples with 0.02 wt % (Ss3) and 0.5 wt% (Sa4) of fullerene depicts the Hg (8) mode of Ceo [26-
28].
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Fig. 5.4. Spectroscopic characterizations of all the samples (So-S4). (a) XRD spectra, (b) Raman
spectra, (c) UV Vis spectra, (d) FT-IR spectra.
UV Vis absorption spectra was recorded in-between 200 to 800 nm wavelength at room

temperature (Fig. 5.4(c)). Absorbance spectra of the nanocomposite is more directed towards
the TiO2 nanotubes. Pure TiO2 nanotube array (So) showed the adsorption edge near 403 nm
which corresponds to the band gap of 3.08 eV. However, Ceo has its adsorption edge in the UV
region [20]. Therefore, upon formation of Ceo-TiO2> composites, the adsorption edge shifted
towards the lower wavenumber i.e. in the UV region [23],[24]. S1, Sz, Ss and S4 exhibited the
adsorption edge near 406, 395, 388 and 388 nm. The bandgap is calculated from the following
formula [29] where the absorption coefficient is associated to Eg as

ahv = A(hv — E,)*/? (5.3)
A is the constant and hv is the incident photon energy and the calculated corresponding
bandgap of samples are 2.9, 3.05, 3.13, 3.19 and 3.19 eV for So, S1, S2 Szand S4, respectively.

However, Sz and S4 nanocomposites showed approximately an equal bandgap around 3.19 eV.
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Also, the absorbance of nanocomposite samples from Sp to S4 is decreased with an increment
of fullerene concentration.

FTIR spectra of pure TiO2 nanotube array and Ceo-TiO2 nanocomposite samples are
represented in Fig. 5.4(d). Infrared active fundamental modes of anatase TiO> are principally
located in-between the wavenumber of 400 to 1000 cm™. The band edges at 503 cm™ and 581
cmt are attributed to the stretching vibration of Ti-O-Ti bonds and Ti-O bonds. After the
formation of composite of TiO2 with Ceo (S1-S4), covalent bonds of Ti-O-C=0 or Ti-O-C are
formed and overall intensity increased as compared to the pure TiO2 (So) [23],[24]. Strong
absorption edge at 1640 cm™ in all the samples is attributed to surface adsorbed water or
hydroxyl groups. The bands representing internal modes of Ceo are not very prominentin FTIR
spectra (Fig. 5.4(d)) that indicates TiO2 dominating feature of the composites. Low intensity
band edges at 1182 cm™ and 1429 cm-1 correspond to the internal modes of Cg in the
composite [30]. The band edge at 3306 cm™ corresponds to OH group (OH stretching) in all
the samples (not shown in Fig. 5.4(d)).

Chemical characterization
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Fig. 5.5. Deconvoluted high resolution scan of X-ray photoelectron (a) Ti2p spectra (b) Cls
spectra and (c) O1s spectra for all the samples (So-Sa).

The chemical state and composition of all the samples were examined with X-ray photo
spectroscopy (XPS). The high resolution scan of Ti2p peak is shown in Fig. 5.5(a) and
deconvoluted into doublet peaks of Ti2ps2 and Ti2p12 at 458.8 eV and 464.5 eV respectively
for all the samples (So-Ss). The separation of 6 eV between doublet peaks for all the samples
authenticates the presence of anatase major in TiO2 nanotubes [31].
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To study the interaction of Ceo molecules with TiO. nanotubes and the formation of covalent
bond between the Ceo and TiO2, high resolution scans of C1s and O1s spectra were recorded.
C1s spectrum in Fig. 5.5(b) of Ceo-TiO2 composites was deconvoluted into three sub-peaks
near 284.7 eV, 286.3 eV and 288.8 eV. The highest intensity C1s peak at 284.7 eV corresponds
to inherent carbon and sp? hybridized carbon of Cso [24],[32]. The broad peak near 286.3 eV is
assigned to the defect containing sp? hybridized carbon from Ceo. The peak is relatively
weekend from S to Ss4 and thereby determining the decrease of the defects due to the surface
adsorption of different oxygen species and hydroxyl ions to the Ceo surface. The acute peak at
288.8 eV is aroused due to the presence of carbonyl group (C=0 or C-O) and other surface
functional groups which provides active sites for interconnection with TiO..This peak confirms
formation of covalent bond (Ti-O-C) between the Ceo and TiO2 [30]. The area of this acute
peak at 288.8 eV is increased from S; (0.006 wit%) to S4 (.05 wt%) due to the simultaneous

increase of fullerene concentrations.

The high resolution O1s spectra of pure TiO2 nanotube exhibited one sharp peak near 530 eV
and another small peak near 531.7 eV which are attributed to the chemically bonded lattice
oxygen (Ti-O) and adsorbed surface oxygen groups, respectively [33],[34]. O1s spectra of all
the nanocomposites (S1-S4) were deconvoluted in three peaks near 530.2 eV, 530.7 eV and 532
eV (Fig. 5.5(c)). The additional peak at around 530.8 eV is aroused in all the nanocomposites
which confirms the formation of Ti-O-C linkage. The area of the peak at 530.8 eV is increased
from S; to Sa. Also, the relative percentage area calculated for adsorbed surface oxygen (532
eV) to lattice oxygen (530.2 eV) was increased with the increment of fullerene-Ceo
concentrations and exhibited 20%, 37%, 59%, 72 % and 69%S, for So, S1, Sz, S3, and S,
respectively. Therefore, S3 (0.02 wt %) depicted the highest peak intensity at 532.8 eV and

highest surface oxygen percentage of 72%.
5.2.3 Device fabrication

Metal-Insulator-Metal (MIM) structured sensors were fabricated with Au and Ti as the top and
the bottom electrodes. ~150 nm thick Au top electrodes were deposited on Ceo decorated TiO>
nanotubes/Ti samples by using electron beam evaporation technique. Molybdenum metal
shadow masks were used to develop 1.5x1.5 mm? Au top electrodes. Then the samples were
sliced into small pieces and the Ti metal (bottom electrode) was exposed by selective HF
etching of oxide layers. Also the device fabrication techniques have been describe in chapter 1

and chapter 3.
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5.2.4 VOC sensing

Figure 5.6 exhibits all the five sensors (So to S4) in the exposure of 100 ppm of formaldehyde
at 150°C. Pure TiO2 nanotubes (So) showed a 58.24% response magnitude with an extended
response and recovery time. On the other hand, functionalized Ceo decorated all the TiO;
nanotube sensors showed response magnitude more than 89% in 100 ppm formaldehyde at
150°C. So, the current results undoubtedly confirm the remarkable improvement of the VOC
sensing performance of TiO2 nanotubes array after incorporation of fullerene Ceo. The response
magnitude and the response/recovery characteristics improved significantly in Ceo-TiO2
nanotubes sensors. Among all the Cgo decorated TiO2 nanotube sensors, S4 exhibited highest
response magnitude of 99.6% where Sz exhibited the fastest response and recovery
characterized towards 100 ppm of formaldehyde at 150°C (Fig. 5.6).
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Fig. 5.6. Comparative response of all the five sensors (So-S4) in the exposure of 100 ppm
formaldehyde at 150 °C.

All the Ceo-TiO2 composite sensors were examined at four different temperatures i.e. 50°C,
100 °C, 150°C and 200°C in the exposure of 100 ppm formaldehyde and shown in Fig. 5.7(a-
d). While, S1, Ss and S4 showed the highest response magnitude at 150 "C, S revealed the
highest response magnitude at 100 ‘C. In terms of response magnitude, Ss was considered to
be the best as it had shown the excellent response magnitude ~ 66 %, 94 %, 99.9 % and 98 %
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towards 100 ppm of formaldehyde at 50 °C, 100 °C, 150 °C and 200 °C, respectively. Even at
50°C, all the nanocomposite sensors exhibited appreciably high response magnitude of 28 %,
40 %, 32 % and 66 % for S1, Sz, Sz and S4, respectively. The represents the response magnitude
of S1-S4 sensors was saturated/decreased at the elevated temperature (>150 °C) as shown in
Fig. 5.7(e). So, 150 °C was considered as the optimized temperature for further study. The
saturation of response magnitude at high temperature can be attributed to the Kinetics
mechanism behind the adsorption and desorption of reducing vapours on the surface of the
nanocomposite. At very low room temperature, vapour/gas molecules depicts slow kinetics
which in turn leads to low response magnitude. At a very high temperature, the vapour/gas
molecules getaway before interacting with the target sites on the surface of the nanocomposite
due to high kinetics resulting in the decrement of response magnitude [35-37].
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Fig.5.7. Temperature effect on the transient behaviour of Ceo-TiO> composite sensors i.e. (a)
S1, (b) Sz, (¢) Sz and (d) Sa. (e) Response magnitude, (f) response time and (g) recovery time
as a function of temperature for S;-Sa.

Response and recovery time of S1-S4 sensors were calculated at all four temperatures where a
gradual improvement in response/recovery characteristics was observed at the elevated
temperature Fig. 5.7(f, g). S3 was fastest among all the nanocomposite sensors and showed
ultra-fast response and recovery time of ~4 s and ~ 7 s at 150 °C, respectively (Fig. 5.7(f, 9)).
S: and Sy also showed substantially fast response/recovery time of 109 s/343s and 55s/89s,
respectively at 150 °C. S4 took the exceptionally longest time to recover (989 s at 150 °C). It
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has been depicted with many reports that excess-carbon-based nanocomposites have slow
recovery in exposure to different VOC’s or other toxic gasses [38],[39]. The excess amount of
fullerene in the nanocomposite can improve the sensitivity but elongates the recovery time.
Considering all the three performance parameters i.e. response magnitude, response and
recovery time, Ss was considered as the best performing sensors among all. Appreciably high
response magnitude (92 %) and ultra-fast response/recovery (4 s/7 s) characteristics towards

100 ppm HCHO at 150 °C make Sz superior to any other sensors.
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Fig. 5.8. (a) Repeated cycles measured in 100 ppm formaldehyde, (b) transient behaviour
within the range of 100 ppb to 100 ppm at 150 °C for all the Ceo-TiO2 nanotube sensors.

All the Cgo-TiO2 nanotube sensors (Si1-Ss) exhibited quite a stable baseline resistance with
highly repeatable transient behaviour at throughout the temperature range (50 to 200 °C) in the
exposure of air as well as VOCs like formaldehyde. All the sensors returned to its actual
baseline resistance after being exposed to VOCs. All the sensors (S:-S4) showed the baseline
resistance in mega ohms range at room temperature and reduced significantly at the elevated
temperature (Fig. 5.8). The repeated cycle study for all the four sensors (S1:-Ss) was performed
in the exposure of 100 ppm formaldehyde at 150 °C, as represented in Fig. 5.8(a).
Transient response was measured for all the Ceo-TiO2 composite sensors for the seven different
concentrations like 100 ppm, 50 ppm, 10 ppm, 5 ppm, 1 ppm, 500 ppb and 100 ppb of
formaldehyde at 150 C as shown in Fig. 5.8(b). Successful detection of lower ppb
concentration of formaldehyde was an important feature of the fullerene decorated TiO:
nanotube sensors. Response magnitude of all the sensors showed an almost equal response at
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100 and 50 ppm and gradual decrement below 50 ppm of concentrations. This result confirms
the greater applicability of the sensors to detect very low concentrations (50 ppm to lower ppb
level) of HCHO.
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Fig. 5.9. Response magnitude as a function of the concentrations of formaldehyde.

Response magnitude as a function of HCHO concentrations from Fig. 5.8(b) is represented in
Fig. 5.9. Fig. 5.9 clearly envisages the saturated response above 50 ppm of formaldehyde for
all the sensors. However, gradual decrement of response magnitude is noticed below 50 ppm
of concentrations of HCHO in Fig. 5.9. The linear dependency of the response magnitude of
S1-S4 was estimated in the inset of Fig. 5.9 under the HCHO concentration range of 0.1 ppm
to 10 ppm. The fitted straight line equations for all the four sensors are listed in Fig. 5.9 where
X represents the concentration of HCHO and y represents the response magnitude. The
correlation coefficient R? was measured as 0.62147, 0.911911, 0.96109 and 0.83715 for Sy, S,
Ss and S, respectively. Among all the four sensors, Ss exhibited promising linear dependency
(R?=0.96109) confirming its applicability towards quantitative detection of formaldehyde at
low concentration range (0.1 to 10 ppm). So, Sz was treated as the best performing sensor in
terms of linear dependency of response as a function of the HCHO concentration and further
selectivity and humidity study was carried out with Sz sensor only.

Ss sensor was tested with different groups of volatile organic compounds (VOCs) like alcohols
(2-propanol), aldehyde (formaldehyde), alkanes (pentane), ketone (acetone) and aromatic
hydrocarbon (toluene, benzene, xylene) to assess its selective behaviour as shown in Fig.
5.10(a). Therefore, all the Ceo-TiO2 nanotube composite sensors exhibited very high response
towards aldehyde and where Sz (i.e. 0.05 wt% Ceo-TiO2) showed 92 %, 67 % and 45 % response
towards 100 ppm of formaldehyde, pentane and acetone at 150 °C, respectively (Fig. 5.10(a))).
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Ceo-TiO2 nanotube composite sensors were considered selective towards formaldehyde,
considering the highest natural response towards formaldehyde.
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Fig. 5.10. (a) Bar chart representing the magnitude of Sz in the exposure to different VOCs to
asses formaldehyde selective nature of the sensor, (b) transient behaviour under different
relative humidity (40% - 80%), (c) Comparative response in dry air and different humid
conditions with measured response and recovery time for Sz in 100 ppm of formaldehyde at
150 °C.

The response of Sz was tested under different humid environment (40 % to 80 %) at 150 °C and
depicted in Fig. 5.10(b, c). The relative decrease in the response magnitude was observed with
the increase in the humidity. A significant lowering of response magnitude was observed under
humid conditions. 92%, 88%, 81% and 78% response were recorded for Sz under dry, 40%,
60% and 80% RH environment, respectively. A significant increment in response and recovery
time was also noticed in the presence of elevated RH levels (Fig. 5.10(c)). Response/recovery
time for Ss was measured as 4s/7s, 5s/9s, 95/196s and 24s/847s in the presence of 40%, 60%
and 80% RH in 100 ppm formaldehyde at 150 °C. The slow response and recovery
characteristics are apparent from the repeated cycle and transient behaviour in Fig. 5.10(b) and
(©).

At elevated RH, the resistance of the sensor in air ambient is decreased as the water vapours
dominate over the surface of the sensor. In air ambient, the hydroxyl group (OH") from the
water molecules gets adsorbed to the nanocomposite surface which in turn decreases the
surface interaction sites for formaldehyde. The chemisorption of oxygen groups and
formaldehyde molecules is hindered with increase in the humidity or an increase in the amount
of hydroxyl group on the sensor surface. This causes a decrement in the response magnitude
and increment in the response time and recovery time [40],[41].
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5.2.5 Sensing mechanism

Ultra-high sensitive detection of formaldehyde by the functionalized Ceo decorated TiO:
nanotube based MIM structured sensors was principally governed by the enhanced surface area
along with the increased interacting sites to react with the targeted gas/VOC molecules.
Effective surface area of the highly porous TiO. nanotubes was further enhanced by the
optimized insertion of spongy and nanoporous clusters of fullerene [21]. Whereas the surface
interaction sites were increased significantly due to the presence of individual/clustered
fullerene-Cso which was already functionalized with large number of oxygen functional groups.
Consequently, the enhanced surface area and the existence of large surface oxygen both were
authenticated by the BET analysis and XPS study in the materials characterization part,
respectively.

The work function of Ceo (~4.71 eV) [42] is significantly lower than the work function of
anatase TiO, (~5.1 eV) [43] and electrons are transferred from lowest unoccupied molecular
orbital (LUMO) of Ceo to the conduction band of TiO, due to this work function difference
upon formation of heterojunction between Cego and TiO». The excess electrons to the TiO;
nanotube surface take part in the formation of the ionic species of oxygen species like O-, O?-
etc. as shown in the Fig. 5.11(a) and increase the surface reactivity of the nanotubes. At the
same time, excess electrons transferred from Ceo to the TiO2 nanotube surface lowered the
overall resistivity of the sensors. As a result, all the nanocomposites samples depicted
resistance within the range of 21 MQ- 45 MQ while pure TiO2 nanotube array depicted a
resistance of 90 MQ in room temperature.

Fullerene is considered as an electron-rich material and its electron concentration is altered
significantly due to the surface adsorption/desorption of oxygen functional groups [11]. In the
current study, hydrated fullerene (or fullerol) was decorated to the TiO> nanotube surface in
form of the clusters of different sizes. Hydrated fullerene was then formed covalent bond with
TiO2 developing high quality nanocomposites [Ti — OC¢o(OH),_4]. Further heat treatment in
air ambient enhanced the number of reactive oxygen species (O2, O"and O%) to the fullerene
surface, reducing the hydroxyl ions as discussed in section 5.2.1. The triply degenerate low-
lying LUMO and the delocalized = structure of Cgo enables the easy movement of electrons
from TiO2 to Ceo [23],[24]. In air ambient, electron concentration in Ceo is decreased due to the
availability of the oxygen species in large number. However, electron deficiency in Ceo extracts
electron from TiO, nanotubes, increasing the width of surface depletion region (W) as shown
in the Fig. 5.11(b). Electron depleted region is created both inner and outer sides of the
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nanotubes and vertical electron transport occurs through the conducting channel (t) inside the
nanotubes (Fig. 5.11(a, b)) [33].
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Fig. 5.11. (a) Energy band diagram of Ceo-TiO2 composite indicating possible electronic
exchange in air ambient. Possible surface reactions in Ceo-TiO2 composite (b) in air ambient,
(c) in presence of formaldehyde vapours.

In Au/Ceo-TiO2 nanotubes/Ti (MIM) structure, current principally flow through the conducting
channel (t) due to applied bias as shown in the Fig. 5.11(b,c) [44],[45]. In air ambient, oxygen
species are directly adsorbed to the TiO. Surface (Fig. 5.11(a)) or adsorbed to the interaction
sites of Ceo (Fig. 5.11(b)). However, both the process extract free electron from the TiO- surface
and increases the depletion layer width (W) and reduces the effective width of the conducting
channel (t) that eventually restrict the one dimensional (1D) current flow in Au/Ceo-TiO>
nanotubes/Ti sensors in air ambient [25]. On exposure to the formaldehyde vapours, the trapped
electrons by reactive oxygen species are released to the nanocomposite surface. As a result,
width of the depletion layer and the conducting channel in TiO2 nanotubes is decreased and
increased, respectively and one dimensional electron flow in the TiO. nanotube is increased as
shown in Fig. 5.11(c).

Ceo clusters provide a large number of interaction sites and thereby enhancing the overall
surface reactivity of the nanocomposite. Due to high porosity of fullerene, its clusters are
spongy in nature which causes the insertion of VOC’s into the clusters. The communication of
VOC with Ceso molecules leads to the formation of weak ionic bonding that causes the
localization of VOC molecules in Ceo clusters [21]. Ceo particles act as the reaction centres or
active points and interact competently with the formaldehyde molecules and thereby smoothing
the movement of electrons. Ceso being an excellent electron reservoir shuttles electron from
TiO, and then the release of electrons back to nanocomposite surface on exposure to
formaldehyde vapours. Hence causing the increase in the conductivity and n type sensor
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response for all the synthesized nanocomposite sensors. Ceo lowers the barrier between the
formaldehyde molecules and the TiO. nanotubes [46],[47]. The immense increase in the surface
area and high surface reactivity provided by the Ceo particles and clusters is responsible for
high response magnitude of all the composite sensors with fast response time and recovery
time.

Therefore, fullerene on the TiO; surface can enhance the effective surface area, average pore
volume, adsorption possibility of the target species and easy movement of electrons between
TiO2 and Ceo. All these factors together can be considered as the key reason behind the
enhancing of the change of current in-between air and VOC ambient that eventually shows
ultra-high sensitivity towards formaldehyde by the Ceo functionalized TiO, nanotube-based
Sensors.

Ceo concentration being varied from 0.006 to 0.05 wt% to synthesize the composites with TiO-
nanotubes. As the microscopic study focused on a small area, the overall distribution of
fullerene clusters on TiO2 nanotube surface are not clearly been observed from the FESEM and
TEM images to differentiate the morphology of the composites having different concentrations
of Ceo. S0, the superiority of the Sz as compared to any other composites was justified from the
quantitative overview of the surface area, pore size, and pore volume obtained from the BET
analysis. So, the functionalization of 0.02 wt% Ceo (S3) was considered as the optimized one
that eventually showed the overall best performance in terms of response, recovery and
linearity behaviour.

There are many factors deciding the selectivity of a sensing material towards a particular
gas/VOCs. These factors mainly include morphology of the nanomaterials, redox states,
surface area, pore structure, the content of surface oxygen species, catalytic activity of the
nanomaterials surface etc. [48],[49]. Formaldehyde is an organic polar molecule having very
small effective size of ~2.5 A [50]. Efficient adsorption of formaldehyde molecules by using
activated carbons nanoforms (such as activated carbon fibres) are well reported in the previous
literature [50-54]. Large specific surface area, enhanced pore volume and large number of
active sites in the sensing materials enhance the adsorption capacity of the formaldehyde [51],
[52]. If the size of the micro/nanopores of the absorbent are closed to the effective size of the
target adsorbate, selective adsorption is enhanced significantly [52],[53]. However, Ceo
functionalized TiO. nanotubes most probably achieved such desired porosity level to enhance
the selective adsorption of VOC molecules having small kinetic size such as formaldehyde.
Also, the overlapping of adsorbed molecule interaction from opposite wall of the extremely
small pores induced significant enhancement of the adsorption of formaldehyde even at low
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concentration (ppb level). The possible reactions between formaldehyde and adsorbed oxygen

species to the nanocomposite surface are shown in Fig.5.11(c).

5.3 Fullerene-Ceo encapsulated TiO2 nanoparticles

5.3.1 Synthesis
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Fig. 5.12. A flow diagram to show the synthesis and fabrication steps of the pure Ceo, TiO2
nanoparticles (NP) and Ceo-TiO2 composite sensors.

The process to synthesize the TiO2 nanoparticles has been previously discussed in earlier
chapter 2. The process to functionalize or oxide the fullerene molecules to develop their
hydrophilicity has been described in detail in the above section (5.2.1). 0.01 wt% of aqueous
fullerene solution was prepared for the formation of nanocomposite. The Ceo-clusters
encapsulated TiO2 nanoparticle was synthesized by mixing both the solutions in equal volume

followed by a sonication for one hour (Fig. 5.12).
Formation of oxygen functionalized Ceo encapsulated TiO. nanoparticles

The functionalized Ceo particles and clusters having abundant oxygen species were
encapsulated around TiO2 nanoparticles in the same way as described in the above section
5.2.1. A large number of functionalized Ceo is connected to the Ti atoms (via oxygen) and
forms fullerene encapsulated TiO2 nanoparticles hybrid. The coverage of Ceo molecules over
TiO2 nanoparticles enhances the stability as well as the reactivity of the hybrid. During the
synthesis of hybrid, hydrated fullerene forms covalent bond with titanium hydroxide [Ti(OH)4]

as shown in Fig. 5.12.
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5.3.2 Characterization
Morphological characterization
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Fig.5.13. FESEM images of (a) pure TiO2 nanoparticles (Sz), (b) fullerene-Ceo clusters (Sy), (c,
d) Ceo-TiO2 nanohybrid (S3). TEM image of (e) TiO2 nanoparticles and (f) TiO2 NPs
encapsulated in fullerene-Ceo clusters (Sz). (g) HRTEM image of the Ceo-TiO2 nanohybrid (Ssz)
indicating the existence of anatase (101) crystallinity with lattice spacing of 0.35 nm.

Fig. 5.12(a-d) shows the FESEM image of three different types of samples. Dense and uniform
layer of TiO2 nanoparticles is observed in Fig. 5.13(a). Isolated nanoparticles of TiO2 having
diameter in-between 10-35 nm are clearly visible in the TEM image in Fig. 5.13(e). Fig. 5.13(f)
exhibits the closed view of the Ceo encapsulated TiO. nanoparticles where the boundary layer
of Ceoadjacent to the TiO2 nanoparticles is clearly noticeable. The high resolution TEM image
in Fig. 5.13(g) revealed anatase (101) crystallinity of the TiO, with lattice spacing of 0.35 nm.
Pure Ceo Clusters were almost circular in shape with different sizes of 50-350 nm (Fig. 2.13(c)).
The size distribution in Fig. 2.13(c) indicates 161 nm of average size of the Ceo clusters.

The average size of the TiO2 nanoparticles is 18 nm which is depicted in Fig. 2.8 of chapter 2.
Ceo-encapsulated TiO2 nanoparticles are also circular in shape and mostly connected with each
other as shown in the Fig. 5.13(c) and (d). Size distribution in Fig. 5.14 exhibits the average
size of 150 nm for Ceo-encapsulated TiO; that confirms the reduction of the Cego cluster sizes

after formation of nanocomposite.
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Fig. 5.14. Size analysis of Ceo—encapsulated TiO2 NPs.

Structural characterization
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Fig. 5.15. Spectroscopic characterizations of all the samples. (a) UV vis adsorption spectra, (b)
Raman spectra.

The UV Vis absorption spectra in Fig. 5.15(a) exhibits two broad absorption edges for Ceo
clusters in the UV region at 216 nm and 226 nm [15]. These optical absorption bands are
recognised as dipole allowed transitions in original Ceo and are accordant with literature
[1],[55]. Pure TiO2 nanoparticle shows the adsorption edge near 330 nm indicating quite a
high optical bandgap of 3.78 eV which can be considered a well resembling band gap for the
ultra-small TiO2 nanoparticle. Upon formation of a composite of TiO2 nanoparticles with Ceo
clusters, the absorption edge was shifted to the 314 nm indicating almost 3.94 eV optical
bandgap (Fig. 5.15(a)).

Raman spectroscopy scan from 50 to 2000 cm™ was performed using 500 nm laser at room
temperature for all the three samples and shown in Fig. 5.15(b). The active Raman modes of
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Eq (144 cm?), Eq (199 cm™), Bg (399 cm™?), Ay (516 cm™) and Eq (639 cm™) in pure TiO;
nanoparticle (Sz) and Ceo encapsulated TiO> (Sz) corresponds to anatase crystallinity [21]. The
presence of Ceo is authenticated from the Aq and Hy peaks observed in Ceo encapsulated TiO>
(S3) and pure Ceo clusters (S1). Also, the Raman modes for TiO2 within the range of 100 to
1000 cm™ are absent in the S; sample. The formation of Ti-O-C linkages with the transfer of
electrons from TiO2 to Ceo is recognised by the shifting of pentagonal pinch mode (Ag) towards
higher wavenumber (red shift) (Fig. 5.15(b)) [16],[56]. A high intensity peak at 525 cm™ is
observed in all the three samples corresponding to Silicon, originated from the Si/SiO, substrate
[57].

Chemical characterization
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Fig. 5.16. XPS spectra with high resolution scan of (a) Ti2p, (b) O1s, (c) C1s peaks.

The high resolution Ti2p XPS scan of all the samples (S:-S3) is depicted in Fig. 5.16(a). The
Ti2p spectra is showing the doublet peaks at 458.4 eV and 464.2 eV for S; and Ss. The
separation of 6 eV between two doublets confirms the anatase crystallinity of the TiO»
nanoparticle. Sy i.e. pure Ceo does not display any peak in the Ti2p scan [33].

The O1s spectra of pure TiO2 nanoparticles (S2) showed a high and low binding energy peak
at 532.7 eV and 529.9 eV respectively (Fig. 5.16(b)). The high binding energy peak (532.7 eV)
corresponds to the organic impurities and adsorbed surface oxygen groups [34]. The low
binding energy peak (529.9 eV) corresponds to the lattice oxygen. However, due to the ultra-
small size of the TiO. nanoparticles, effective surface area is quite high in TiO2 NPs that justify
the large area peak at 532.7 eV and very small area peak at 529.9 eV. Ceo encapsulated TiO>
NP exhibits quite a high area in the low binding energy bulk oxygen peak (530.3 eV)
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confirming the accumulation of TiO. nanoparticles (Fig. 5.16(a) and (b)) after the formation of
composite (S3). The large area of surface oxygen peak at 532.3 eV indicates the presence of a
high amount of hydroxyl, epoxy and other oxygen species that are aroused due to the Ceo
boundary surrounding the TiO2 nanoparticles (Fig. 5.16(b)). Only a high binding energy
surface oxygen peak near 532.6 eV in pure Ceo clusters confirmed the existence of a large
number of surface oxygen groups due to the functionalization of fullerene molecules [57],[58].
The use of organometallic salt (TTIP) and acetic acid in the synthesis of TiO2 nanoparticle (Sz)
by sol gel method gave rise to different carbon impurities which further led to the rise of two
high intensity peaks at 284.5 eV and 285.9 eV in C1s scan in Fig. 5.16(c). A small intensity
peak at 288.7 eV depicts the formation of carboxyl group or Ti-O-C linkage in the pure TiO>
nanoparticles. The high resolution C1s peak of pure Cgo cluster (S1) and Ceo-encapsulated TiO:
NPs hybrid (S3) was deconvoluted into three peaks located at 284.5 eV, 286 eV and 288.9 eV
(Fig. 5.16(c)). The high intensity peak at 284.5 eV is the contribution of the sp? hybridized
carbon atoms observed in both the samples i.e. S; and Sz. The relatively low intensity peak at
286 eV corresponds to the oxidized carbon which is aroused due to defects in the sp? hybridized
carbon [16]. The right most peak at 289 eV in Sy is assigned to the carbonyl group (O=C-O)
that originated due to the functionalization of fullerene molecules. The increase in the area of
the peak at 288.7 eV in Sz as compared to S; and S confirms the formation of Ti-O-C linkage
indicating good quality hybrid formation [20],[59].

5.3.3 Device fabrication

Three planar types of sensors were fabricated by using three different precursors i.e. (i)
hydrated fullerene-Cso (S1), (ii) TiO2 nanoparticles (Sz) and (iii) Ceo-TiO2 composites (Sz).
Then the three types of sensors were annealed in air ambient for 5 hours at 250 °C to enhance
the mechanical and electrical stability of the sensing layer. Au electrodes were then deposited
on all the three spray coated SiO./Si substrates by e-beam evaporation techniques covering
with aluminium masks as depicted in Fig. 3.11. ~100 nm thick Au was deposited as the
electrode materials. The detailed steps behind the sensor fabrication are depicted in chapter 3.

5.3.4 VOC sensing

To judge the natural selectivity, all the three sensors (S1-S3) were exposed to the different
groups of organic vapours like alcohols, aldehyde, ketone, aromatic hydrocarbons etc.
Detection limit and operating temperature was 100 ppm and 150°C, respectively. All the three
sensors (S1-S3) exhibited highest sensitivity towards formaldehyde where pure Ceo (S1), TiO2
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nanoparticles (S2) and Ceo-TiO2 hybrid (Ss) showed 40%, 48% and 117% response towards
100 ppm of formaldehyde at 150°C (Fig. 5.17(a)). Based on the overall selectivity performance
of all the sensors, formaldehyde was considered as the target VOC to study the temperature
effect, transient behaviour, response/recovery characteristics etc.
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Fig. 5.17. (a) Natural selectivity tested for Si-S3 sensors in exposure to 100 ppm of different
VOCs at 150 °C, (b) response characteristics of all the three sensors at variable operating
temperature (50 °C to 200 °C) in the exposure of 100 ppm of formaldehyde.

All the sensors were tested at four different temperatures i.e. 50 °C, 100 °C, 150 °C and 200 °C
in 100 ppm of formaldehyde (Fig. 5.17 (b)). S1 exhibited highest and almost equal response
magnitude at 100 °C and 150 °C. Response was decreased at both the very low (50 °C) and
very high (200 °C) temperature as shown in Fig. 5.17(b). Sz also showed highest response
magnitude at 150 °C (49%) and appreciably good response magnitude at 100 “C (34%) and 200
°C (41%). Ceo encapsulated TiO2 NPs sensor (Ss3) exhibited overall higher response magnitude
as compared to other two sensors (Fig. 5.17 (b)). At 150°C, Sz showed noticeably very high
response magnitude of 117% in 100 ppm formaldehyde. But the response was comparatively
low at both the 100 °C and 200 °C for Ss. Therefore, 150 °C was treated as the optimized

temperature in the current sensor study.

Transient response of all the three sensors (S1-S3) were examined towards formaldehyde within
the concentration range of 1 ppm to 1000 ppm at 150 °C as shown in Fig. 5.17 (a). Resistance
was increased in case of Sz and Sz whereas decreased in case of Sy in the exposure to the
reducing vapor formaldehyde (Fig. 5.17(a)).

132



Temperature: 150-C Temperature: 150-C, HCHO: 100 ppm Temperature: 1$0°C
(a) —» Formaldehyde ON —» Formaldehyde OFF (b) —> Formaldehyde ON —» Formaldehyde OFF (C) HCHO Concentration: 100 ppm

16F ¥ S5 Cgp-TiOp 33: CGO‘TiOZ 12 53: Cgo-TiO2
120y ¥ v
12+ 09
asl 0.8} : ‘
0.6 2sf 3315

04p A 04 A A A ‘ +-1 - <I—> ‘ ‘
1000 2000 3000 4000 5000 600 1000 2000 3000 49'410 300 | 600 s00 1200 1500
¥ S, TiOy Nanoparticles ' S‘?‘ TiOp Nanvopanlcles

-
@

S2 TiO, Nanoparticles
12 -

-
N
T

-
=)
T

9L

Resistance (M¢)

© [
Resistance (M)
Resistance (MQ)
©

300 1200 1500

1000 2000 3000 4000 5000 6000 7000 8000 1000 2000 3000 4000
v S4: Cgq Clusters 36 Sy C*GO Clusters 40

30F

30+ 30
20 2l 20 -
w0f 8L Y 10 -

T T T T T T T T T T T iy T T
500 1000 |501l‘.‘ 2000 2500 3000 3500 500 1000 1500 2000 200 400 600 800
Time (s} Time (s) Time (s)

84: Cgq Clusters

Fig. 5.18. (a) Transient behaviour within the formaldehyde concentration range of 1 to 1000

ppm, (b) repeated cycle characteristics, and (c) response/recovery characteristics measured at
150°C.

TiO2 nanoparticles (Sz) exhibited stable p-type conductivity as the Ti-vacancy was dominated
over the oxygen vacancy as discussed in chapter 2 and 3. On exposure to formaldehyde,
electrons are released to the TiO, nanoparticle where some of the hole undergoes
recombination and thereby resistance is increased. On the other hand, Ceo (S1) which is known
as electron rich materials [43], exhibited n-type conductivity and decreased value of resistances
in the exposure of formaldehyde (Fig. 5.18 (a)). However, the Cgo encapsulated TiO2 NPs (Ss)
showed p-type conductivity as dominated by the behaviour of TiO2 nanoparticles.

While, Sz and S3showed very stable base line resistances, S; exhibited a slightly noisy baseline
at 150 °C clearly evidenced in Fig. 5.18(a) and (b). The noisy nature of the S; sensors is also
visible in the transient response and repeated cycle behaviour in Fig. 5.18(a) and (b),
respectively.

Pure Ceo i.e. S1 exhibited short response time (14 s) and recovery time (163 s). On the other
hand, pure TiO. nanoparticles (Sz2) took comparatively long response time (75 s) and recovery
time (197 s). Ceo-TiO2 NPs hybrid exhibited shortest response time (12 s) but a long recovery
time (331 s) among all the sensors (S:1 and Sy). The response/recovery time measurement for
all the sensors is represented in Fig. 5.18(c).

Fig. 5.19 represents the comparative response magnitude of all the sensors for a total
concentration range of 1 to 1000 ppm. With synergistic effects of both TiO2 nanoparticles and
Ceo clusters, the Ceo encapsulated TiO2 NPs hybrid showed a highest response magnitude
throughout the concentration range (1 to 1000 ppm) of formaldehyde. The detection in 1 ppm
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with a fair response magnitude of 22 % was achieved with Ceo-TiO2 (S3) sensor. More than two
times increase in the response magnitude was recorded in Ceo-TiO2 (S3) sensor (117%) in

comparison with pure Sz (48%) and S1 (41%) towards 100 ppm of formaldehyde at 150°C (Fig.
5.19).
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Fig. 5.19 Response magnitude as a function of formaldehyde concentrations.

5.3.5 Sensing mechanism
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Fig. 5.20. (a) Energy level diagram of Ceo-TiO2 composite indicating possible flow of electron
in air ambient, (b) Schematic view of the Cso encapsulated TiO, nanoparticles layer in-between
two electrodes.

Ceo depicting n-type conductivity is highly influenced by adsorbed surface oxygen groups
which acts as an outstanding electron acceptor [60]. In the current study, hydrated fullerene,
having abundant adsorbed oxygen groups (hydroxyl and epoxy) were formed in the first stage.
Then the hydrated fullerene formed covalent bonds with TiO. nanoparticles and developed Ceo
encapsulated TiO. nanoparticle hybrid. On the formation of hybrid, the existence of Ti-O-C
linkage is confirmed with X-ray photo spectroscopy in Fig. 5.16(b) and (c). Further thermal
annealing at high temperature, enhanced the number of reactive oxygen species (O, O-and O?)

and reduced the number of hydroxyl and epoxy to the functionalized Ceo surface. Oxidized Ceso
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being more reactive in nature possesses more interaction sites and thus provides a fair response
magnitude with very short response time [60].

Electron affinity of anatase TiO2 (~5.1 eV) [43] is quite high rather than the electron affinity
of fullerene and electron can transfer from lowest unoccupied molecular orbital (LUMO) to the
conduction band of the TiO, [42]. Excess electrons, injected to the TiO> then take part in
formation of 05 from O, in air ambient [43]. Similar reaction can also occur at the surface of
the Ceo as shown in Fig. 5.20(a). Ceo enhances movement of electrons in-between TiOz2 and Ceo
possibly due to the triply degenerate low lying lowest unoccupied molecular orbital (LUMO)
and the delocalized & structure of Ceo [16],[61]. On the other hand, TiO. nanoparticles owing
to the Ti vacancy dominated nature, exhibit stable p-type conductivity. The Ti vacancy donated
holes become effective over the free electron provided by the oxygen vacancy type defects
[58]. Therefore, in air ambient, functionalized oxygen species effectively reduce the electron
concentration in p-TiO2 nanoparticles as well as in Ceo that eventually increase electron
deficiency both in the Cso and p-TiO2 nanoparticles. Therefore, a hole accumulation takes place
near the p-TiO, surface increasing the overall conductivity of the composite.
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Fig. 5.21 Sensing mechanism in Cgo encapsulated TiO2 nanoparticles with the help of energy
band diagram in (a) air and, (b) formaldehyde.

Sensor results in Fig. 5.18(a) distinctly shows two important factors i.e. (i) p-type conductivity
in Ceo-TiO2 composite where individually Ceo exhibits n-type and TiO2 nanoparticles shows p-
type conductivity and (ii) baseline resistance in Cgo-TiO2 composite (0.5 Maq) decreased
significantly as compared to the pure Ceo (31 M) and TiO nanoparticles (8 Mq). So, these
two observations confirms that (i) the current transport in Ceo-TiO2 composite (S3) is occurred
mostly through the TiO., nanoparticles and (ii) the holes are accumulated to the p-TiO>

nanoparticle interface lowering the effective resistance of the Ceo-TiO2 composite sensor (Ss).
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However, considering the above two facts, a schematic of the Ceo encapsulated TiO:
nanoparticles layer in-between two electrodes is represented in Fig. 5.20 (b) indicating the
direction of the flow of holes inside the channel under biasing condition.

Now, the Ceo-TiO2 composite is considered separately in air and in the exposure of
formaldehyde. In air ambient, oxygen functionalized Ceo behaves like an electron acceptor and
extracted electron from p-TiO2 creating hole accumulation near the TiO> NPs interface as
shown in the Fig. 5.21(a). The energy band diagram in Fig. 5.21(a) shows the corresponding
band bending and the created built-in-potential (qVbin) near the surface in air ambient. Fig.
5.21(b) shows the removal of surface oxygen in Ceo due to the reactions with HCHO that
eventually donate electrons back to the TiO. nanoparticles lowering the band bending as well
as the built-in-potential (QVuvoc)) near the surface. If, lo is the current in flat band condition
(i.e. no built-in-potential), current in air and VOC ambient can be written as in Eq.5.4.

qVp(air)/voc)
Lairvoc = loexp [% (54)

Where, k is the Boltzmann’s constant and T is the temperature [62]. Now, the response of the
sensor (Sg) can be written as in EQ.5.5.

Vi) — V.
S, ~ exp [q( e — b("“))l x 100 (5.5)

Moreover, high response magnitude of the Ceo-TiO> composite can be attributed due to the
inbuilt porous and spongy structure of fullerene that provides enormous reaction sites for the
reducing vapours [17],[23]. On the other hand, easy exchange of electrons between Ceo and
TiO: influences the hole current significantly, exhibiting very high ambient sensitivity by the

Ceo encapsulated TiO. nanoparticles sensor.
5.4 Conclusions

In the current chapter, highly sensitive sensors were developed by establishing Ceo-TiO>
nanostructures based composite for the detection of VOC:s till ppb level. Ultra-high response
magnitude towards formaldehyde was obtained with fast response and recovery time for the
nanocomposite sensors. All the Ceo-TiO2 nanostructures were examined through different
characterization techniques. All the Ceo-TiO2 nanostructures sensors showed their natural
selectivity towards formaldehyde as compared to other tested VOCs. Therefore, sensor study

was carried out by considering formaldehyde as the target species. 150 °C was found as the
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optimized temperature where all the nanocomposite sensors showed excellent response
magnitude (>92%) to 100 ppm of formaldehyde.

Eminently oriented one dimensional TiO2 nanotubes were synthesized via electrochemical
anodization route which were then decorated with zero dimensional, functionalized fullerene-
Ceo through hydrothermal route. Four Ceo-TiO2 nanotube composites (Si-Ss) with varied
concentration of fullerene (0.006 wt%, 0.01 wt%, 0.02 wt% and 0.05 wt%) were synthesized
and characterized. S4 having 0.05 wt% of fullerene showed the highest response of 99.6%
towards 100 ppm formaldehyde at 150°C where as Sz having 0.02 wt % of fullerene showed
fastest response/recovery of 4 s/ 7 s among all the sensors at the same conditions. Being an
ultra-high sensitivity towards formaldehyde, the lower detection limit was extended up to 100

ppb.

Extraordinary high formaldehyde sensing was observed in the in the Cgo- TiO2 nanoparticle
composite sensors within the broad concentration range of 1 ppm to 1000 ppm at 150 °C. As
compared to the pure form of Ce and TiO2, composite showed more than double response
magnitude (117 % in 100 ppm formaldehyde at 150 °C) with appreciably fast response time
(12s).
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