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Nanocrystalline TiO, micropillar arrays grafted on conductive glass
supports: microscopic and spectroscopic studies
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Abstract. Vertically oriented TiO, micropillar arrays were obtained on Fluorine-doped Tin Oxide (FTO)
conductive glasses by adopting a facile and cost-effective method. The process consists in the spray-
coating with a polymer film containing an organo-metallic precursor (Ti isopropoxyde), followed by
scratching the film surface by means of a sandpaper and an oxidative treatment. The role played by the
scratching step in the formation of vertically oriented TiO, micropillars, as well as the nanostructured
scaffold nature consequent upon the oxidation, will be highlighted. The morphology, structure and optical
properties of samples, were investigated by combining electron and atomic force microscopies with X-ray
diffraction and UV—vis spectroscopy. Due to the robust texture of highly crystalline and cemented anatase
and rutile nanoparticles and to the porous nature of TiO, pillars covering FTO glasses, this system may
find application in energy, photochemistry and photodegradation fields.

1. Introduction

In the past years, the interest of 1D, 2D and 3D metal oxides and
semiconductors has been increased by the fact that these nanostruc-
tures have their peculiar electronic and optical properties shape/
structure dependent [1-6]. TiO,-based nanosystems have paved the
way for the enhancement of properties (i.e. photocatalytic properties,
photostability, high photoconversion efficiency and chemical inert-
ness), which find applications in a wide variety of fields, including dye
sensitized solar cells, photocatalysis, water splitting, gas sensors,
photodegradation of organic pollutants and optoelectronic devices [7].
Although all these application fields represent clean and sustainable
solutions, they need still some improvements for a wider diffusion.

As far as dye photodegradation is concerned, the fabrication of
robust nanoengineered TiO, coating plays a crucial role. In fact, the
high photocatalytic activity, induced by isolated nanoparticles, is not
the exclusive requisite for practical applications. The separation of
TiO, material from the solution after irradiation is necessary as well as
the presence of a hierarchical porosity, providing a fast accessibility
and a facile fluid transport may be mandatory for an efficient use of
the material in the industrial applications [8]. As far as dye-sensitized
solar cells (DSSCs) are concerned, an overall light-to-electricity
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conversion efficiency of ~12% has been obtained [9,10]. The overall
process is complex, mainly ruled by many factors, including the light-
harvesting efficiency, type and stability of the adsorbed-dye (i.e. Ru-
based dyes), photoanode properties (i.e. crystallinity, the porosity of
TiO; film and its thickness), charge-transport efficiency, photocurrent
density, conductivity and optical transparency of the glass electrodes
and interface properties (i.e. TiO,/adsorbed dye, TiO, grain boundaries,
TiO, film/electrode interfaces) [7,11]. Some of the strategies in “bridging
the gap” between theoretical and experimental performances of DSSCs
are pursued, such as the doping of the TiO, the nano-engineering of the
surface [12,13] and the addition of quantum dots (e.g. CdS/CdSe) [14].
Furthermore, the incorporation of high-surface-area carbon nanotubes
or amorphous carbon could be beneficial for the exciton dissociation
and charge-carrier transport, thus improving the power conversion
efficiency [15] or the photocatalytic activity of TiO,/C composites [16].
On the other hand, the electronic properties and the efficiency of the
light harvesting process can be tuned, by tailoring phase composition,
crystallinity, surface roughness, porosity, shape and crystal size of
TiO,-based materials [2,11]. By playing with several methods of prepa-
ration (sol—gel, chemical etching, hydrothermal, spray-pyrolysis, chem-
ical and physical vapor deposition techniques) [1], many morphologies
and structures can be obtained, such as nanotubes [17] and nanowires
(1D) [18], nanoplatelets and nanosheets (2D) [19], spheres [8] and
crystals exposing peculiar facets [20], and fibers coated by TiO, [21].
However, it is believed that the one dimensional nanostructures are
the most attractive candidates for solar energy conversion because of
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Scheme 1. Schematic representations of the different paths of electrons moving through: a) a polycrystalline film and b) nanostructured TiO2 pillar arrays.

their direct electrical pathway, which causes a faster charge transport to
the electrode, thus greatly reducing recombinations effects and then
improving the performance of the optoelectronic devices (Scheme 1).
To this purpose, vertically oriented arrays of nanotubes, rods, strips,
cones and pillars made of anatase [22—29], rutile [9,30—32] and by
mixed anatase-rutile nanostructures [33,34], have been fabricated.

In this work, quasi-regular arrays of vertically oriented micropillars,
constituted by assembled TiO, nanocrystals on conductive Fluorine-
doped Tin Oxide (FTO) coated glass and obtained via a simple prepara-
tion method, have been carefully investigated by several microscopy
techniques. The preparation method can be summarized, as follows:
i) deposition of a polymer film containing a TiO, precursor on a conduc-
tive FTO-coated glass, ii) scratching of the surface, iii) thermal oxidation
of the polymer film, causing the conversion of the Ti organo-metallic
compoundsto TiO,.

2. Experimental section
Materials and preparation methods

All reagents were of analytical grade and used without further puri-
fication. Fluorine-doped tin oxide coated sodalime glasses (TCO 30-8,
Solaronix S.A. — Aubonne, Switzerland, 3 mm thick, resistivity ~7.9 Q/
sq) were used as supports. FTO-coated glasses, cleaned with acetone
in an ultrasonication bath, were dipped in a 40 mM aqueous solution
of TiCly at 343 K for 30 min and washed with ethanol. A polymer film,
obtained from a solution of Ti isopropoxyde (TIP) and furfuryl alcohol
(FA) (17 wt.% of TIP), was deposited on the glass support by spray-
deposition technique. A lab-scale spray dryer was used by means of
air as a spray gas (gas flow of 3 L/min for 1.5 s. with a nozzle tip diameter
of 0.7 mm) and by placing supports of 2.5 x 2.5 cm at a distance of 10 cm
at room temperature. The deposition area has been estimated to be larg-
er than FTO-coated supports. The TIP and FA quantities were selected on
the basis of a previous work, in which high-surface-area  TiO,
micropillars were obtained as a bulk material [35]. The polymerization,
which is highly exothermic, was controlled by keeping the temperature
of the materials at 373 K for 180 min and then by rising up to 473 K
(heating rate 2 K/min), as obtained by preliminary differential scanning
calorimetry (DSC) analysis (Data not shown for the sake of brevity). A
first sample was thermally treated as obtained, while a second sample
was scratched by a sandpaper (P1200 grade), along two quasi-

perpendicular directions on the polymer surface. The scratching of the
sample surface was performed by hands at a labscale with no external
control of pressure/time. Three different identical samples were obtain-
ed for testing the process reproducibility. Thermal treatment/oxidation
steps were performed in Ny/air gas mixture (200 + 40 ml/min) for 20 h
at 773 K with a heating rate of 5 K/min.

Characterization technigques

Morphology, composition and structure of the materials have been in-
vestigated by means of: i) scanning electron microscopy (SEM; Zeiss
Evo50) operating at 20 kV and equipped with an energy dispersive X-ray
detector (EDAX); ii) atomic force microscopy (Nanosurf EasyScan2)
equipped with a 10 uym high-resolution scan-head operating in contact-
mode, located on a high-performance anti-vibration platform and acousti-
cally shielded by means of an insulated enclosure; iii) transmission elec-
tron microscopy (TEM; JEOL 3010-UHR) operating at 300 kV and
equipped with a2 k x 2 k pixels Gatan US1000 CCD camera. Reciprocal lat-
tices and simulated electron patterns to obtain crystal orientation were
simulated by means of CaRIne Crystallography 3.1 software package.

To minimize effects of the substrate, films have been estimated by
using a grazing incidence X-ray diffraction (GIXRD) technique (fixed
incident beam of a = 1.8°) in a PANalytical X'Pert PRO diffractometer
working with a Ni-filtered Cu, radiation. The mean crystallite size
was calculated from XRD measurements by Scherrer's equation: L =
KA/B cos 6, where A is the X-ray wavelength, 8 is the full width at half
maximum (FWHM) of the diffraction line corrected by the instrumental
broadening, O is the diffraction angle, and K is a constant, which has
been assumed to be 0.9 for TiO, and SnO,. Simulated XRD patterns in re-
stricted 20 regions were fitted by a Pseudo-Voigt function.

Differential scanning calorimetry (DSC) analyses were performed at
different increasing rate (2—5 K/min) by means of a Q200 TA Instru-
ments equipment.

Conductive-AFM (C-AFM) analyses were performed by applying a
moderate and negative bias (— 1.5 V) on the tip (tip radius b 25 nm,

5 nm Chromium and 25 nm Platinum coated on both sides). In addition,
a 500 kQ resistor was connected in series to reduce the current passing
through the tip probe.

Electrical measurements on conductive glass were obtained by using
a four point probe resistivity measurements (Jandel four-point-probe-
head connected with a Keithley 2420 source meter/analyzer).



3. Results and discussion
Morphology, structure and electrical properties of the FTO electrodes

The morphology and the structure of the FTO conductive glass are
shown in Fig. 1. The low resolution SEM image shows an incidentally
damaged region of the conductive layer (Fig. 1a).

In this image, dark and bright regions are associated with the differ-
ent local surface charging properties, which are induced by the acceler-
ation potential [6,36,37]. Higher resolution SEM and AFM images of the
FTO-coated glass are reported in Fig. 1b and c, respectively, where
nanocrystals (~30—300 nm in size), having irregular habit and expos-
ing rough surfaces, are shown. The local electrical properties (or map
of current) of the AFM imaged region in Fig. 1c, are shown in Fig. 1d.
The presence of bright and irregular features (evidenced by arrows in
Fig. 1d) can be observed. These regions, corresponding to more con-
ductive areas, are located in a more extended dark region, insulating
in character. Notice that the higher conductive areas are associated
with the same terminations of the particles shown in Fig. 1c, in partic-
ular with crystal edges, inverse-steps “coupled” with edges and cor-
ners, typical of polycrystalline/granular surfaces [38]. It is noteworthy
that, as the conductive tip is working in contact mode, the extent of
contacts between tip and surface, together with the nature of the ap-
plied force can affect the shape and the dimensions of the conductive
regions. However, we can reasonably state that no significant varia-
tions were observed within the extent of the used potentials or
setpoint loadings.

The conductive film is constituted primarily by Sn and O atoms
(Fig. 1e). The XRD pattern of the FTO conductive glass film, as obtained
atglacing angle, shows several narrow peaks (Fig. 1f). Amongall, those
at ® = 26.4°, 33.6°, 37.6°, 51.4° are associated to (110), (101), (200),
(211) XRD planes of the tetragonal SnO, (Cassiterite, PDF card n. #41-
1445). As the XRD peak broadening depends on the coherent scattering
domains, it is possible to determine the sizes of the SnO; crystals by
applying the Sherrer's equation to the (110) XRD diffraction planes
(Inset of Fig. 1f). A mean value of ~40 nm is obtained, which corre-
sponds to =119 layers, by considering an interlayer distance of 3.35 A.

Morphology, structure and optical properties of the TiO, polymer
precursor and of the TiO,-coated FTO glasses

Thin polymer films (10—20 um in thickness), which were obtained
from the polymerization of the spray-deposited titanium isoproxyde
(TIP) and furfuryl alcohol (FA) liquid solution on FTO-coated glasses,
are shown in Fig. 2.

In the past, the method has been effectively used, to obtain high-
surface-area mesoporous carbons [39], as well as nanostructured oxides
(SnO; [33], TiO, [35] and ZnO [40]) by starting from an oxide precursor
acting as a Lewis acid catalyst to promote the polymerization of furfuryl
alcohol. InFig. 2the polymerfilmis AFM/SEM imaged before (Fig. 2a—c)
and SEM imaged after thermal treatment in air at 773 K (Fig. 2d—f).
From AFM images it comes that, before the thermal treatment, the poly-
mer film is highly homogeneous and regularly adhering to the sub-
strate, with a roughness lower than ~1 nm (see AFM height-profile of
a selected line in Fig. 2¢). Conversely, after thermal treatment in air at
773 K, the film results to be highly damaged and only partially adhering
to the FTO-coated glass (Fig. 2d—f). Notice that, it is made by irregularly
fragmented domains over 20 ym in size and about 20 pm in thickness
(insert in Fig. 2f), which appear markedly different from the “thick”
(i.e. bulk) nanostructured TiO, material reported in [35], although
prepared by adopting similar experimental conditions.

In order to prevent the irregular cracking of the film and to obtain a
more regular morphology, a different approach was adopted. In more
detail, before the oxidation treatment, the polymer film covering the
FTO coated glass was scratched by a sandpaper. The scratched polymer
surface is AFM imaged in Fig. 3a—c.

From these images (Fig. 3aand c), a periodic surface made of grooves
about 2.5—-3 um spaced, is evidenced, as testified by the fast-Fourier-
transform (FFT) shown in the inset of Fig. 3a. The height profiles along
two perpendicular directions (Fig. 3b) are confirming the regular
patterned surface.

It will be shown that such grooves play a role in the generation of a
more regular surface during the oxidation step (vide infra). The mor-
phology, the structure and the chemical composition of the oxidized
film on the FTO-coated glass, are reported in Fig. 4a—f.
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Fig. 1. Images of the FTO glass support: a) low resolution SEM: regions evidenced by 1 and 2 (dark and bright contrast, respectively) refer to incidentally damaged and to FTO-coated
conductive areas; b) enlarged view of a selected area in a); c) contact mode AFM topography; d) conductive-AFM (c-AFM) of the same region shown in c); e) EDAX elemental analysis
(asterisks refer to the underlying phase) and f) grazing angle XRD pattern of the FTO film on the glass. Arrows in c) and d) refer to two high conductive regions of the polycrystalline
film, while the simulated XRD pattern by a Pseudo-Voigt function in the 26 = 26-27° range, is reported in the inset of f).



Fig. 2. (a, b, ¢) Images of the polymer film covering the FTO-coated glass, before thermal treatment in air at 500 °C: a) picture; b) and c) AFM images at different level of magnification: on
the bottom of c) the AFM height-profile of the selected line is shown; (d, e, f) images of the polymer film covering the FTO-coated glass, after thermal treatment in air at 500 °C: d) picture;
e) and f) SEM images at different level of magnification. Lateral view of the polymer film (inset in panel 2f).

SEM images (top- and lateral-views, in Fig. 4b and c, respectively)
evidence that the obtained film is macroporous, being constituted by
pillared microstructures, which are quasi-regularly spaced. Moreover
the SEM image of a selected-area (Fig. 4d) shows that the porous film,
about 5—-7 um in thickness, is formed of a regular carpet of short pillars
about 5-10 ym wide. The chemical composition, taken on the top of a
pillar, is mainly dominated by O and Ti, as comes from EDAX analysis
(Fig. 4e). In order to investigate the crystallinity of the film, the XRD dif-
fraction pattern has been obtained at a grazing angle (Fig. 4f). The pat-
tern shows several narrow XRD peaks. Among all, those at 6 ~ 25.2°,
37.8°, 48.0° and at 27.5°, 36.1°, 41.2°, 54.3° are related to (101), (004),
(200) and to (110), (101), (111), (211) XRD diffraction planes of

10pm

anatase (TiO,, PDF card n. #21-1272) and of rutile (TiO,, PDF card n.
#21-1276), respectively. The 88/12 anatase/rutile phase ratio was ob-
tained from the reference intensity ratio (RIR) values. By applying the
Scherrer's equation to the (101) anatase and the (110) rutile XRD
diffraction peaks, (inset of Fig. 4f) mean values of about 13 nm and
about 14 nm are obtained, respectively. The high crystallinity of
the TiO, nanocrystals is also testified by the diffraction profile obtained
in the 36 + 39° 26 range, where distinct peaks, associated to (101)
and (103), (004), (112) diffraction planes of rutile and anatase, are
shown [8].

More details on the nanostructured TiO; film come from high-
resolution SEM and TEM images taken onaportion ofa TiO, micropillar
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Fig. 3. a) AFM image of the TIP/FA film on the FTO glass after surface scratching: in the inset of a) the fast Fourier transform (FTT) is reported; b) height profiles along the two perpendicular

directions shown in a); c) AFM enlarged view of a selected region in a).
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Fig. 4. Images of the scratched TIP/FA film oxidized at 500 °C for 20 h: a) picture; b) on top SEM image; c) lateral-view SEM image; d) enlarged view of a selected-area in c); e) EDAX
elemental analysis; f) grazing angle XRD pattern of the columnar TiOz anchored to the FTO-coated glass. Colors refer to the different phases: anatase (green), rutile (magenta), SnO2

(blue). In the inset of f) the simulated XRD pattern in the 20 = 24—28° range is reported.

(Fig. 5a—c). In these images, the presence of cemented nanocrystals
(Fig. 5a—b) forming a robust and porous scaffold can be highlighted.
The porous nature of the TiO, micropillar comes from the TEM image
showninFig.5c.

Two selected regions are high-resolution TEM imaged in Fig. 6.
The crystalline nature of the TiO; single nanocrystals about 5—
15 nm in size, is testified by the presence of well-defined interfer-
ence fringes 0.34 nm and 0.32 nm spaced (Fig. 6a and d, respective-
ly), which correspond to the anatase (101) and rutile (110)
crystalline planes, respectively. From the FFT images of the selected
regions of Fig. 6a, c (Fig. 6b, ) and from the corresponding simulat-
ed electron diffraction patterns (Fig. 6c, f) of the two selected
nanocrystals, the anatase [1,1,1] and the rutile [0,0,1] zone-axis di-
rections are obtained, respectively.

The UV—vis diffuse reflectance spectrum of the TiO,-micropillar
arrays in the 350—450 nm range is shown in Fig. 7. Spectra of the
nanocrystalline anatase and rutile powders, used as reference ma-
terials, are reported in the same figure. From this, the absorption
edge of the TiO; pillar film is red-shifted, as compared to that of
anatase nanocrystals used as a reference. This fact is in agreement

500nm

with the ascertained presence of rutile nanocrystals, whose ab-
sorption edge is occurring at lower energy than that of the “pure”
anatase. Although the reason of lowering the TiO, bandgap in ana-
tase/rutile mixed-phase is still a debated issue and goes beyond
the scope of this work, some considerations can be drawn. Stimu-
lated by the high photocatalitic activity of mixed-phase anatase/
rutile TiO,, a band alignment, presumably caused by interfacial re-
gions/junctions, has been proposed in accordance with experimen-
tal evidences [41]. This band alignment would favor the transfer of
photogenerated electrons from anatase to rutile and of the holes
from rutile to anatase. The nanoengineering of the TiO, phase-
junctions would increase performances of photocatalytic process-
es, as well as those of photovoltaic systems [42,43].

4. Conclusions

An alternative, simple, rapid and cost-effective method to
produce porous TiO; films is reported. Thin polymer films obtained
from a TiO, precursor (Ti isopropoxyde), working as a Lewis acid
catalyst and a polymer precursor (furfuryl alcohol), were deposited

Fig. 5. Images of the internal portions of a TiO, micropillar: a) and b) SEM images at different level of magnification and c) TEM image of a TiO2 micropillar illustrating a mesopore of 10—

30 nm, surrounded by well cemented crystalline nanoparticles.
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Fig. 6. a) and d) high-resolution TEM images of two selected regions of the TiO2 micropillars; b) and e) fast-Fourier-transform (FFT) images of the selected nanocrystals in a) and d); c) and
f) the corresponding simulated electron diffraction patterns along the [1,1,1] (anatase) and the [0,0,1] (rutile) zone axis directions, respectively.
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on the surface of FTO-conductive glasses by spray-coating technique.
Depending on the preparation steps, a film made by quasi-regular
arrays of nanostructured TiO, micropillars can be obtained. In fact,
after thermal oxidation of the polymer film scratched with a sandpa-
per, vertically oriented TiO, micropillar arrays are obtained. The
porous nature and the robust texture of the TiO, micropillars result
from a nanostructured scaffold composed of anatase and rutile

1

Kubelka-Munk (a.u.)

nanoparticles, which are highly crystalline and cemented together.
The vertical orientation of micropillars, their good adhesion to the
conductive glass, and the previously discussed porous nature of the
robust TiO; scaffold may find application in the energy, photochem-
istry and photodegradation fields.
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This method can be attractive to tailor surfaces with nanostructures,
but further optimizations with respect to the desired microstructure are
necessary, for example the film thickness, porosity in the micropillar
arrays.
425

Fig. 7. Diffuse reflectance spectrum of the TiO: pillar arrays on FTO-coated glass in the
nanoparticles.
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