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Abstract

In this study, titanium dioxide (TiO,) nanostructured films were synthesized under microwave irradiation through low tem-
perature synthesis (80 °C) and integrated in ultraviolet (UV) photodetectors and as photocatalysts. Bacterial nanocellulose
(BNCQ), tracing paper, and polyester film were tested as substrates, since they are inexpensive, flexible, recyclable, lightweight,
and when associated to low temperature synthesis and absence of a seed layer, they become suitable for several low-cost
applications. The nanostructured TiO, films and substrates were structurally characterized by scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy, X-ray diffraction, and Raman spectroscopy. The optical properties of
all materials were investigated. The TiO, nanostructured films were implemented as a photoactive layer of UV photodetec-
tors and demonstrated significant increase of conductance upon exposed to UV irradiation. The photodetection behaviour
of each material was investigated by in-situ Kelvin probe force microscopy experiments, in which the contact potential
difference varied under dark or UV irradiation conditions, demonstrating higher shift for the BNC-based UV photodetec-
tor. Photocatalytic activity of the films was assessed from rhodamine B degradation under solar radiation, and BNC based
devices revealed to be the best photocatalyst. The structural characteristics of the TiO, films and substrates were correlated
to the differences in the UV photodetection and photocatalytic performances.
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1 Introduction

Titanium dioxide (TiO,) is an extremely versatile material
as it can be employed in numerous applications, such as
self-cleaning surfaces [1], dye sensitized solar cells [2—4],
photocatalysis [5, 6], and photosensors/photodetectors [7,
8]. The interest on the latter application has been increas-
ing with special attention to UV photodetectors. These are
of great interest for everyday life especially in terms of
sun/UV exposure, as well as for industry with direct appli-
cations in environmental safety, flame detection, among
others [9]. The most common UV photodetectors used
nowadays are the silicon-based ones, however this sort of
devices present limitations, mostly associated to their nar-
row band gap energy (1.1 eV), and high temperature pro-
cessing [9]. TiO,-based photodetectors are excellent alter-
natives as TiO, is highly photoactive and stable under UV
irradiation due to its band gap [10, 11], 3.00 and 3.21 eV
for rutile and anatase, respectively [12]. Regarding brook-
ite’s band gap, the values reported in literature are diverse,
ranging from 3.13 to 3.40 eV [12, 13]. Moreover, TiO, is a
highly stable material, earth-abundant, low-cost, non-toxic
[5], and it is largely employed as photocatalyst, normally
in the anatase and rutile phases, or as mixtures of both
phases to increase photocatalytic activity. Brookite, on
the other hand is less explored, however its photocatalytic
interest has been growing lately [6, 14].

The TiO, photoconductivity relies on the electrical con-
ductivity changes under irradiation. The photodetection
is governed by a hole-trapping mechanism based on the
adsorption/desorption of chemisorbed oxygen molecules at
the surface [15]. An analogous mechanism occurs in pho-
tocatalysis, where electron—hole pairs are generated. These
photogenerated holes and electrons diffuse to the surface,
oxidizing and reducing oxygen and water molecules, and
creating reactive radicals that will decompose organic
and inorganic compounds on the surface of TiO, [6, 16].
Kelvin probe force microscopy (KPFM) can be used to
map the electronic properties of photoactive materials,
measuring the contact potential difference (CPD) shift
[17] (CPD with and without irradiation) and the surface
potential, thus allowing the correlation with the photosen-
sitivity of the materials [18]. This allows to understand the
photosensitivity behaviour of sensing materials. The high
sensitivity and stability of the photodetector associated to
inexpensive materials and synthesis routes are imperative
for obtaining low-cost and efficient devices.

Polymer and biopolymer materials fully fulfil the
requirements for producing economically viable and flex-
ible devices, hence the rapid and growing interest concern-
ing the use of these materials as substrates for advanced
devices is a reality nowadays. Cellulose is the most
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abundant biopolymer on earth [19, 20]. Bacterial nano-
cellulose and tracing paper are valuable materials for the
development of disposable and inexpensive devices. BNC
displays several advantages over other types of cellulose,
in which the main one is the enhanced chemical purity,
low surface roughness and porosity. Moreover, BNC dis-
plays high crystallinity, a finer and intricate structure, with
longer and stronger fiber lengths. The bacteria Glucon-
acetobacter is normally responsible for the production of
BNC membranes in large amounts, becoming an alterna-
tive for plant cellulose and thus preserving the environ-
ment [21]. Polymer substrates, i.e. polyester films, are also
alternative substrates for the development of photodetec-
tors, since they can easily and flexibly adapt to surfaces,
are lightweight and impermeable, despite the possibility
of recycling plastic waste.

The fabrication route plays a central role on the final
cost of the device. Several techniques have been reported to
produce TiO, nanostructures/films, which included thermal
evaporation [22], sputtering [23], hydrothermal or solvo-
thermal synthesis [24, 25], and microwave synthesis [5, 6],
and even with waste reuse [26]. Nevertheless, microwave
synthesis appears as an attractive option, since it is a sim-
ple and fast technique, low-priced, with intrinsic properties
that can easily adapt to soft substrates and low temperature
synthesis [6]. The efficient heating of solvents and/or rea-
gents [27, 28] is guaranteed, providing accurate temperature
control, and assuring homogeneity and uniformity of the
produced materials. Moreover, for most of these synthesis
routes, a seed layer is usually required. Indeed, the seed layer
facilitates nucleation and determines the perfect covering of
substrates, together with the crystallization, phase formation,
and surface morphology of the growing film [29]. However,
the deposition of a seed layer adds to the device extra proce-
dures and in some cases requiring an additional annealing
treatment, thus representing an additional cost.

The present work reports the production and characteri-
zation of TiO, nanostructured films grown on BNC, paper
and polyester substrates, under microwave irradiation at low
temperature (80 °C) and without any seed layer. The aim
is to challenge the present state of the art concerning the
exploitation of enhanced TiO, photoactive layers produced
with low-cost synthesis routes in different substrates but also
the fabrication of highly efficient but simple, environmen-
tally friendly, low-cost and disposable UV photodetectors
and photocatalysts. Moreover, to the best of the authors’
knowledge, TiO, films grown under microwave irradiation
without any seed layer at low temperature with cellulose-
and polymer-based substrates to be employed as UV photo-
detectors and photocatalysts has never been reported before.
Structural characterization of the TiO, films has been carried
out by scanning electron microscopy (SEM) coupled with
an energy dispersive X-ray spectroscopy (EDS) detector,



Topics in Catalysis (2018) 61:1591-1606

1593

Raman spectroscopy, and X-ray diffraction (XRD). The opti-
cal characterization has been also carried out for all materi-
als. In-situ Kelvin probe force microscopy experiments were
carried out under UV irradiation.

2 Experimental Procedure

2.1 TiO, Film Synthesis

The TiO, nanostructured films have been synthesized
under microwave irradiation. The TiO, microwave solu-
tion has been prepared using titanium (IV) isopropoxide
(Ti[OCH(CH;), 14, TTIP, 97% from Sigma Aldrich), hydro-
chloric acid (HCI, 37%) and deionised water. In a typical
synthesis, 50 mL of water was mixed with 10 mL of HCI
and stirred for 5 min. Afterwards, 2 mL of TTIP was added
and the final mixture stirred for 10 min before microwave
synthesis. Microwave synthesis was performed using a CEM
Focused Microwave Synthesis System Discover SP. Time,
power, temperature and pressure were set at 60 min, 100 W,
80 °C and 17 bar, respectively. The selected proportions
of all reagents and synthesis parameters were determined
following an analogous study [6] and intending to keep
synthesis temperature, power input and acid amount to the
minimum to guarantee the TiO, nanostructured film forma-
tion, and at the same time preventing any damage to the
substrates. Solution volumes of 20 mL were transferred into
capped quartz vessels of 35 mL, which were kept sealed by
the constraining surrounding pressure.

Three types of flexible substrates were used, i.e. bacte-
rial nanocellulose, tracing paper and polyester film. The
BNC was synthesized by the bacteria Gluconoacetobacter
xylinum in the form of a wet membrane [30]. The nanocel-
lulose is excreted into the aqueous culture medium directly
as nanofibers, with a diameter ranging from 25 to 100 nm
[31]. This membrane was produced as described elsewhere
[32] and then oven dried, forming a membrane with some
tens of micrometers. The tracing paper is from Canson with
90 g/cm?, translucent and perfectly flat [33]. The polyester
substrate has its commercial name as Mylar film and has
been purchased from DuPont with one side chemically pre-
treated for better adhesion. The polyester substrate was used
as-purchased, and no other treatment has been carried out.
During microwave synthesis, a piece of each substrate (20.0
x 20.0 mm) was placed at an angle against the vessel and
in the case of the polyester, the chemically treated side was
facing down [5].

2.2 TiO, Film Characterization

X-ray diffraction experiments were performed using a PAN-
alytical’s X’Pert PRO MPD diffractometer equipped with

a X’Celerator 1D detector and using CuKa radiation. The
XRD data were acquired in the 20°-60° 26 range with a
step size of 0.05°. For comparison, powder diffractograms
of rutile, anatase, brookite have been simulated with Pow-
derCell [34] using crystallographic data from reference [35].

Micro-Raman spectroscopy experiments were carried
out with a Labram 300 Jobin Yvon spectrometer, equipped
with a 17 mW He—Ne laser operating at 532 nm. Surface
and cross-section SEM observations were carried out using
a Carl Zeiss AURIGA CrossBeam FIB-SEM workstation
equipped for EDS measurements. The dimensions of indi-
vidual nanorods and films have been determined from SEM
micrographs using the ImagelJ software [36].

Surface potential mapping was measured using the Kelvin
probe force microscopy technique in air at room temperature
with an MFP-3D Standalone Asylum Research instrument
in tapping mode. Olympus AC240 TM platinum coated
silicon probes with a natural resonance frequency (f;,) of
~70 kHz and a nominal spring constant (k) of ~2 N/m have
been used. The scanning ranges were 2 X 2 and 5 X 5 um?
with a resolution of at least 256 by 256 lines in all acquisi-
tion channels. The KPFM experiments were carried out in a
double pass mode, and the second pass was performed at an
optimized height of 50 nm above the topographic trace [37].
During UV irradiation, the materials were illuminated with
UV (A=365 nm) [38] collimated LEDs from Thorlabs. The
root mean square (RMS) roughness of each substrate was
obtained from atomic force microscopy (AFM) topography
images.

Room temperature reflectance measurements were per-
formed in the 250—-800 nm range with a PerkinElmer lambda
950 UV/VIS/NIR spectrophotometer equipped with a
150 mm diameter integrating sphere. The calibration of the
system was achieved by using a standard reflector sample
(reflectance, R =1.00 from Spectralon disk). The band gap
of the TiO, films was estimated from reflectance spectra
using the Tauc plot method [39—41].

The pristine substrates were also characterized through
XRD, SEM and Raman spectroscopy for understanding their
influence on the TiO, films produced.

2.3 TiO, UV Photodetectors Production
and Characterization

The TiO, nanostructured films grown on all flexible sub-
strates were tested as photoactive layers on UV photode-
tectors. For the assembly of the complete device, a shadow
mask was used for patterning interdigitated contacts [42]
and an Au/Pd film of 100 nm was then sputtered at room
temperature (Fig. 1). The Au/Pd interdigitated contacts
were selected since a Schottky interface is expected to be
formed between metals with large work function (such as
Pd and Au) and n-type TiO, [43]. The formed junction
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Fig. 1 Scheme of the TiO, UV photodetector production stages and photograph of the final devices showing high flexibility

has a rectifying electrical transport behaviour, resulting
in efficient charge separation of the photogenerated elec-
tron—hole pairs, and thus preventing the electron—hole
recombination [43].

The devices characterization has been carried out using
a potentiostat model 600 from Gamry Instruments, Inc. in a
chronoamperometry configuration, with a constant applied
voltage of 10 V. The photodetectors were subjected to UV
irradiation using two ultraviolet lamps, model TK-2028 from
Hongguang Optics International Industry Co. Ltd., with 6 W
(each) at a wavelength of 360 nm. The produced photode-
tectors were irradiated for 15 min followed by 30 min in off
state. The /-V characteristics of the flexible photodetectors
were measured by sweeping the voltage from —5 to 5 V with
a step of 10 mV/s.

2.4 Photocatalytic Activity

The photocatalytic activity of the TiO, nanostructured films
was evaluated at room temperature from the degradation of
rhodamine B from Sigma Aldrich under a solar light simu-
lating source. The experiments were not carried out with
the direct exposure to sunlight. The experiments considered
the International standard ISO 10678. The TiO, films were
placed on the bottom of the reaction recipient and for each
experiment, 50 ml of the thodamine B solution (5 mg/L) was
stirred for 30 min in the dark to establish absorption—des-
orption equilibrium. The photocatalytic activity experi-
ments used a Xe lamp at room temperature with intensity of
100 mW cm? and AM1.5 spectrum [6]. Absorption spectra
were recorded using a PerkinElmer lambda 950 UV/VIS/
NIR spectrophotometer with intervals of 60 min for the first
8 h, and after with intervals of 120 min up to 12 h, then a
180 min exposure was carried out to complete a total expo-
sure time of 15 h. To perform reusability experiments, the
material was dried after the first exposure, at 50 °C for 1 h,
and the liquid was discarded. The reusability tests were car-
ried out by the repeated solar radiation exposure of the same
sample in fresh solutions for different intervals of time up
to 15 h.
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3 Results and Discussion

TiO, nanostructured films were successfully synthesized
under microwave irradiation using cellulose- and polymer-
based substrates at low temperatures and without any seed
layer. The distinct substrates were selected due to their spe-
cific characteristics, i.e. BNC is transparent and together
with tracing paper, both have lack of porosity when com-
pared to other types of papers, making them suitable for
optoelectronic devices. The polymer-based material is highly
flexible and resistant being also largely integrated in such
devices. The TiO, films, substrates and final devices were
systematically investigated including their behavior under
UV irradiation and dark conditions.

3.1 Structural Characterization

Figure 2 shows the SEM images of TiO, nanostructured
films presented together with the pristine substrates for
comparison. A clear difference is observed between the sub-
strates before and after microwave irradiation. The pristine
BNC substrate appears with a well-organized 3D structure,
forming a closed packed cellulose nanofiber network with
irregular interconnected pores (Fig. 2a). AFM measurements
revealed a RMS roughness value of 58 nm (see Supplemen-
tary Information Fig. S1). The tracing paper and polyester
substrates are more compact materials without any defined
structures (Fig. 2c, e), despite the higher roughness of trac-
ing paper. In fact, AFM showed that tracing paper displayed
a rougher surface with a RMS value of 312 nm (Fig. S1).
The polyester film has a chemically pre-treated surface, how-
ever no particular pattern/roughness could be discerned by
SEM. AFM measurements revealed a RMS roughness value
of 11 nm (Fig. S1).

Microwave irradiation resulted in uniformly covered
substrates, forming continuous TiO, films with two distinct
film characteristics. Individual nanostructured particles with
an undefined structure (ranging from small sized squares
to rod-like structures) covered mostly of the cellulosed-
based substrates and fine nanorod aggregates forming TiO,
flower-like structures were also observed (higher extent on
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Paper BNC

Polyester

Fig.2 SEM images showing the BNC (a), paper (c) and polyester (e)
pristine substrates together with the TiO, films grown on BNC (b),
tracing paper (d) and polyester (f) substrates. The false colored insets

the BNC material when compared to the paper substrate).
After microwave synthesis, the nanofiber network can still
be noticed on the BNC-based material, however completely
covered with the TiO, film (see Fig. S2a). On the polyester
substrate, these flower-like structures were grown side-by-
side appearing as a continuous material formed by densely
and closely packed nanorod aggregates. Nevertheless,
some cracks along the film could be observed (Fig. 2f). In
all materials, the average nanorod widths were similar with
11+3 nm (magnified SEM image of the nanorods is pre-
sented in Fig. S2b). These fine aggregated nanorods have
been reported previously [5, 44]. These reports suggest that
the fine nanorods have the rutile phase and a [001] growth
direction [5, 44], moreover they tend to combine and thus
reduce the surface energy [45] forming the aggregates. This
undefined nanostructures has also been previously reported
in an analogous work and identified as having the brookite
phase [6].

EDS analyses were carried out in the material cross-
sections and revealed that the TiO, film was grown on both

show the TiO, films and the nanorod flower-like structures with a
higher magnification

sides of the cellulose-based substrates, while for the poly-
ester material, just the chemically pre-treated side formed a
continuous film (Fig. 3). Some residual traces of TiO, could
be observed on the untreated side, however, no continuous
film could be observed. The chemically treated surface of the
polyester substrate is expected to facilitate the fixation of the
film during synthesis. The TiO, growth on cellulose-based
substrates without any seed layer or chemical treatment
for adhesion are expected to be due to substrate roughness
facilitating nucleation and fixation of the TiO, structures.
Other metal-oxide based materials have been shown to grow
on cellulose-based substrates, however, a seed layer was
required for this process to occur [46—48]. The thickness
of the films grown on BNC and tracing paper could not be
inferred precisely due to heterogeneities of the structures
formed, while the TiO, nanorod film grown on the polyester
substrate revealed a thickness average of 167 +9 nm (see
Fig. 3i). The substrate thickness differences are evident, cor-
responding to 15+ 1 um (BNC), 62 +9 um (tracing paper)
and 21 + 1 um (polyester).
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Fig.3 SEM images of the TiO, films grown on BNC (a), tracing paper (e) and polyester (i) substrates together with their corresponding EDS
maps of C (b, f and j), O (¢, g and k) and Ti (d, h and 1). The insets show the cross-section SEM images of all materials

Raman spectroscopy and X-ray diffraction measure-
ments were carried out for the TiO, nanostructured films
together with their pristine substrates. A substantial con-
tribution from the substrates was observed on XRD dif-
fractograms, hindering the TiO, signal (Fig. S3). Raman
spectroscopy was able to overcome this difficulty, allow-
ing the precise identification of the TiO, phases present
[49] (Fig. 4). The pristine substrate Raman spectra are
presented for comparison.

The Raman spectra showed the presence of both
brookite and rutile phases for all materials. The Raman
bands associated to brookite were detected from 100 to
400 cm™!, which can be assigned to Alg (152 cm_l) and
B,, (355 cm™!) [49]. The Raman bands associated to
rutile can be assigned to By, (103 cm™), E, (244 and
439 cm™!) and Ay, (604 cm™Y). The characteristic Raman
band of ~518 cm™! [49] associated to the presence of
anatase was not detected in any material. No additional
bands could be found in the spectra. In the TiO, films
grown on polyester, the substrate peaks (*) are more
intense, unlike in the case of the cellulose-based ones
(such as in XRD results), an effect that might be related
to differences in thickness between the TiO, films (which
could not be estimated for the cellulose-based materials).
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Fig.4 Raman spectra of the TiO, films together with their pristine
substrates (dot lines). Dashed lines indicate the rutile bands and dot/
dashed ones point out to the brookite ones

3.2 Optical Characterization

Optical band gaps have been evaluated from reflectance data
through the Tauc plot. The optical band gap is related to the
optical absorption coefficient and the incident photon energy
as follows [40, 50]:
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ahva(hv—Eg) D
where a is the linear absorption coefficient of the material,
hv is the photon energy, A is a proportionality constant and n
is a constant exponent which determines the type of optical
transitions (n = 1/2 for direct allowed transition and n=2 for
indirect ones). Moreover, for determining the band gap, the
(ahv)? against hv is plotted, and extracted through the inter-
section of the extrapolation of the linear portion with 0. The
band gaps were estimated to be 3.28, 3.27, and 3.12 eV for
the TiO, films grown on BNC, tracing paper and polyester
substrates, respectively (Fig. 5). The evaluated band gaps
are within the reported values for the different TiO, phases
[12, 51, 52], i.e. for the rutile phase (3.00 eV) and brookite
(3.13-3.4¢eV) [12, 13]. The band gap is strongly dependent
on crystallite size [53, 54], phase present [5], defects [42],
residual strain [55], degree of compactness and densification
[56], among other factors. No significant band gap differ-
ences were observed between the cellulose-based materials,
while the band gap value of the TiO, film grown on polyester
substrate revealed to be slightly lower. This difference can be
justified by the structural properties of the polyester-based
TiO, films, such as film thickness [55] and compactness [5].

3.3 TiO, UV Photodetectors

TiO, UV photodetectors have been studied over the years,
especially the ones based on nanomaterials, due to their
large surface-to-volume ratios assuring high responsivity
[57]. The TiO, phase present on the device also plays a
key role on its final behaviour. It is known that poor charge
separation is achieved in materials with one single TiO,
phase [10], thus this drawback can be overpassed with
mixtures of TiO, phases [10]. TiO, UV sensing devices

——BNC (Eg=3.28 eV) ¥
3 Paper (Eg = 3.27 eV) /
—— Polyester (Eg= 3.13 V)
]
£,
N? =
L
g,
1 |_J'r "rf I
2.0 2.5 3.0 3.5 4.0
hv (eV)

Fig.5 (ahw)? variation versus photon energy hv for the TiO, films
grown on BNC, tracing paper and polyester substrates

based on mixtures of anatase and rutile have been reported
[10, 58], nevertheless devices based on brookite/rutile
phases are rare, and to our best knowledge brookite/rutile
UV photodetectors have never been reported, particularly
producing flexible devices based on cellulose or polymer
substrates. The relatively low stability of brookite can be
responsible for this lack of investigation. In fact, brookite
can be converted to rutile by a proper thermal treatment
[13]. Yet, the combination of both rutile and brookite is
expected to produce devices with high performance as
both phases have wide band gaps and are excellent UV
absorbers [10, 13].

The sensitivity of a UV photodetector is also governed
by other factors besides the ones already mentioned, i.e.
shape, reduced grain size and phase present. Thus, sub-
strate morphology, surface state, oxygen adsorption quan-
tity, oxygen adsorption active energy, lattice defects, and
connectivity between grains also contribute to the final
device performance [42, 59].

The TiO, films grown on BNC, tracing paper and pol-
yester substrates were tested as UV photodetectors, and
the results are presented in Fig. 6. Nevertheless, the het-
erogeneous structure observed at each material reverber-
ated to their photosensitivity and final UV photodetector
behaviour. The time resolved photocurrent of TiO, films
was measured at room temperature in response to the on/
off switching of UV irradiation (Fig. 6a). Despite the het-
erogeneity, the behaviour observed for several UV pho-
todetectors produced with all the substrates was consist-
ent, with the TiO, film grown on bacterial nanocellulose
displaying enhanced photosensitivity when compared to
the other substrates. Under the bias voltage of 10 V, the
photocurrent exponentially increased from 0.15 pA (dark
condition) to 3.78 uA (UV irradiation) for the TiO, film
grown on BNC substrate, while for the tracing paper one,
it increased from 0.06 to 1.99 pA and polyester substrate
from 0.01 to 0.83 pA. When the UV irradiation was turned
off, the current decreased to its initial current value. More-
over, the photocurrent could be reproducibly switched
from on to off states several times maintaining the char-
acteristics over time indicating the enhanced stability of
all the UV photodetectors. Figure 6b shows the typical
current versus voltage (I-V) curves of the TiO, film UV
photodetectors in the dark and under UV irradiation meas-
ured at a bias voltage ranging from —5 to 5 V and at room
temperature. The /-V curves revealed an Ohmic contact
between the Au/Pd electrodes and the TiO, films. Upon
UV irradiation, and as exhibited on Fig. 6a, the current
significantly increased especially for the cellulose-based
materials, and the difference between measurements with
UV irradiation and dark condition are evident (see inset
in Fig. 6b).
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Fig.6 a Cycling behaviour of TiO, film photodetectors at 10 V and
under a 360 nm UV source. b -V curves showing the dark current
and photocurrent of the produced devices. ¢ Schematic diagrams of
dark and UV irradiation processes. The top drawing shows the sche-
matic of the energy band diagrams, where VB and CB are the valence
and conduction band, respectively. The bottom drawing shows the

The sensing process of the TiO, photodetectors can be
explained as follows:

e On dark conditions, the oxygen molecules adsorbed on
the TiO, surface capture the free electrons present in
the n-type semiconductor, forming a low conductivity
depletion layer near the surface [O,(g) +e¢~ — O, (ads)]
(Fig. 6¢).

e Under UV irradiation at a photon energy above its Eg,
electron—hole pairs are photogenerated, and the holes
migrate to the surface along the potential slope. This
potential slope is produced by band bending and dis-
charge of negatively charged adsorbed oxygen ions
through surface electron-hole recombination, leading
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Dark UV irradiation

dark and UV irradiation mechanisms, where in dark, the oxygen mol-
ecules adsorbed at the surface capture the free electron present in the
n-type semiconductor forming a low-conductivity depletion layer
near the surface. Under UV irradiation, photogenerated holes migrate
to the surface and are trapped, leaving behind unpaired electrons that
contribute to the photocurrent [60, 61]

to oxygen photo desorption [42, 60] [h* + O, (ads) —
0,(g)] (Fig. 6¢). This hole-trapping mechanism through
oxygen adsorption and desorption enhances the high
density of trap states due to the dangling bonds at the
surface and thus enhances the photoresponse [61].

The TiO, UV photodetector responsivities were also
estimated according to the Eq. (2) [42]:
Iph - Idark

Pyy

R= @

where I, is the UV device photocurrent, I, is the dark
current, and Py, is the UV light power. The calculated
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responsivity was 0.33, 0.16 and 0.07 uA/W for the TiO,
films grown on BNC, tracing paper and polyester substrates,
respectively. The responsivity was calculated taking into
account the current value when the device reaches 95% of
its stable value [33, 62]. Thus, the TiO, film grown on BNC
substrate displayed the highest responsivity among the other
substrates used.

As previously mentioned, several parameters dictate the
UV photodetector responsivity. For the present case, no
clear relation between the band gaps and the responsiv-
ity can be established for all materials, as no significant
differences were detected. No significant TiO, phase dif-
ferences are expected between all the materials, however
BNC revealed enhanced performance. Thus, no direct input
resultant from the TiO, phases at each material could be
directly inferred. Nevertheless, the present study demon-
strated that TiO, UV photodetectors based on mixtures of
brookite/rutile can be effectively produced with enhanced
performance (Fig. 6a). Some contribution can be expected
from lattice defects, such as oxygen vacancies, which are
believed to contribute to the enhanced photosensitivity of
materials [61].

The observed UV photodetector performances were then
justified regarding the structural properties of the TiO,
nanostructured films and their substrates. In fact, films with
different structural characteristics, such as crystal structure,
particle size and film thickness, could significantly influence
the transport and recombination properties of the photogen-
erated carriers and thus the UV photodetector performance
[63]. In the present case, no direct conclusions could be
determined from the TiO, film thicknesses, since the thick-
ness could not be estimated, due to heterogeneities of the
cellulose-based materials. Nevertheless, a considerable
contribution for UV photodetection can be expected due to
film thickness [63, 64]. Moreover, the nanorods observed in
all materials displayed similar widths, thus this parameter
seems not to be responsible for the differences in photosen-
sitivity observed.

Regarding the substrate morphology input, clear struc-
tural differences between the substrates studied were
observed by SEM and AFM measurements (see Figs. 2
and S1). In the case of BNC-based materials, significant
contribution can be suggested from the substrate structure,
as nanocellulose displays high surface-to-volume ratio
[65]. The enhanced BNC surface-to volume property can
tune the TiO, nanostructured film features and thus its
sensing behaviour. In fact, this could be observed with
the nanofibers covered with the TiO, film after microwave
synthesis (Fig. S2a). Moreover, BNC is a closed packed
cellulose nanofiber network with the lowest RMS rough-
ness value among the cellulose-based materials studied.
This intrinsic surface characteristic guarantees the growth
of continuous nanostructured films without any abrupt

gap among the structures formed, which would lead to
current loss. The higher roughness of tracing paper, on
the other hand, can contribute to discontinuities in the
nanostructured film, which decrease the photodetector
performance. Regarding the polyester-based materials,
the cracks observed along the film can be responsible
for the poorest behaviour among the materials tested. In
Ref. [33], a wrinkled material after microwave synthesis
was assumed to difficult current flow through the sample,
decreasing its performance.

3.4 Kelvin Probe Force Microscopy

Kelvin probe force microscopy is a powerful technique capa-
ble of determining electronic properties of materials at the
nanometer scale, such as contact potential differences (CPD)
[37]. The CPD (or Vpp) can be related to the material sur-
face potential, through the following equation [60, 66]:
Vepy = P27 G)
e

where ¢, and ¢, are the work functions of probe and sam-
ple, respectively, and e is the electronic charge. For a semi-
conductor, it is defined ¢ as the surface potential [60]. In
general, the local surface potential is due to the charge den-
sity on the material surface, depending on the presence of
charges on the surface but also beneath it, surface dipoles,
and polarization effects [67].

Figures 7 and S4 show the CPD averaged profiles together
with the corresponding topography and surface potential
images carried out in air and with/without UV irradiation
of the TiO, films grown on BNC, tracing paper and polyes-
ter substrates. The CPD of all TiO, films increased with the
UV irradiation. Nevertheless, from the CPD averaged pro-
files, the shift under UV irradiation is not linear and changed
regarding the material tested.

The film surface potential, which is related to CPD,
depends on its own characteristics such as thickness; how-
ever, some contribution also comes from the substrate [67]
below the film. In the present case, the substrates are com-
pletely distinct, with different surfaces, roughness and thick-
nesses, leading to different surface potential contributions.
This behaviour has been previously reported with different
substrates, leading to distinct surface potentials of the depos-
ited films [67]. For that reason, the averaged CPD measured
cannot be linearly comparable between the materials, but
instead its shift detected with and without UV irradiation.
Moreover, considering Eq. (3) and using the same calibrated
probe during UV on/off measurements, it can be assumed
that the CPD shift is equal to the surface potential shift.

Several KPFM measurements in distinct TiO, photo-
detectors were performed and the results are presented in
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Fig.7 CPD averaged profiles together with the corresponding topog-
raphy and surface potential images with and without UV irradiation
at room temperature for the TiO, films grown on a BNC, b tracing
paper and ¢ polyester substrates. The profiles were carried out in
regions that represented the average surface potential of the image.
The scheme of the KPFM measurement is presented

Figs. 7 and S4. In Fig. 7, the averaged CPD for the TiO,
film grown on BNC substrate increased from 420 mV in
dark to 530 mV under UV, while the film grown on tracing
paper increased from 280 to 320 mV, dark and UV, respec-
tively, and the one grown on polyester substrate increased
from 525 to 550 mV, dark and UV, respectively. In Fig.
S4, different devices were tested, which revealed that
the averaged CPD for the BNC-based material increased
from 20 mV in the dark to 380 mV under UV irradiation,
while for tracing paper it increased from 700 to 920 mV,
(dark and UV, respectively) and from 550 to 600 mV (dark
and UV, respectively) in the case of the polyester-based
material. The CPD increase under UV irradiation for all

@ Springer

materials indicates that the surface potential is shifted
under UV exposure. Differences in CPD between the TiO,
UV photodetectors with the same substrate were observed
and expected to be due to the heterogeneities of the struc-
tures formed and substrate contributions.

The BNC-based devices revealed the highest CPD/sur-
face potential shift among the materials studied for all meas-
urements. As previously mentioned, the oxygen molecules
adsorbed on TiO, surface capture electrons in air, and a low
conductivity depletion layer is formed at its surface. Under
UV irradiation, electron—hole pairs are generated, where
holes migrate to the surface along the potential slope created
by band bending and release the electron adsorbed oxygen
ions, lowering the upward bent banding near the TiO, sur-
face and increasing electron concentration. Consequently,
the surface potential decreases, while the contact potential
difference increases [60, 68]. Moreover, the clear photore-
sponse of the surface potential detected for all materials
strongly suggest a change in the effective Fermi level of the
TiO, films under UV irradiation [60].

Previous reports assumed that higher surface poten-
tial shift under UV irradiation are related to enhanced
photocatalytic activity and proof of photogenerated elec-
tron—hole pairs separation [43, 60, 69]. This assumption
can be extrapolated to the photosensitivity observed for
the materials investigated. The contact potential difference
shift detected for all materials can indicate the separation
of photogenerated electron—hole pairs [69], and the highest
shift observed for the BNC-based material suggests that this
substrate possesses better charge separation ability than the
other materials studied.

3.5 Photocatalytic Activity

Photocatalysis is a vast research field, with several distinct
photocatalyst materials reported so far [70—82]. Neverthe-
less, TiO, continues to be one of the most widely embraced
photocatalysts nowadays. TiO, is a wide band gap material
[6, 83], which makes it active under UV light irradiation
and thus it is expectable that TiO, films have higher photo-
catalytic activity under UV than under solar radiation [6].
In fact, all the above results confirm that the materials are
effectively active under UV irradiation (Figs. 6, 7). Never-
theless, the solar UV radiation that reaches the earth surface
is relatively small (3—5%) [84], turning pollutant degradation
with UV activation extremely limited. On the other hand,
the use of the complete solar spectrum is highly sought in
terms of flexibility, sustainability and cost effectivity [85,
86]. Several studies reported the TiO, photocatalytic activ-
ity under visible/solar radiation [87-91], and also difference
approaches to increase its performance under these condi-
tions, i.e. doping, surface modification [90, 92]. Concerning
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the substrates, photocatalytic papers have been reported over
the years, however normally under UV irradiation [93, 94].

In the present study, the photocatalytic activity of all TiO,
nanostructured films were evaluated through the rhodamine
B degradation under solar radiation to mimic ambient condi-
tions. The degradation ratio (C/C,) versus exposure time is
presented in Fig. 8, where C is the absorbance of the rhoda-
mine B solution at each exposure time and Cj is the initial
solution absorbance. The gradual rhodamine B degradation
under solar radiation could be observed, however the TiO,
film grown on BNC substrate showed the highest photo-
catalytic activity. This material reached values of 74% after
15 h, while the other TiO, films achieved 52 and 21% for the
tracing paper and polyester, respectively. A blank rhodamine
B solution was also measured, where it has been observed
that the blank solution was not influenced under the solar
simulating light source, so all the photocatalytic effect is
due to the presence of the catalyst. The photodegradation
of rhodamine B has been attributed to the oxidation by dif-
ferent reactive oxygen species [95, 96], and its degradation
mechanism has been reported in several studies [95-99],
including for TiO, photocatalysts. The degradation under

visible/solar light radiation is the result of the chromo-
phore structure destruction or N-deethylation [99], passing
through the formation of intermediate species, that despite
being controversial in literature, have in phthalic acid and
benzoic acid well accepted intermediates [96, 98]. UV/VIS/
NIR spectroscopy measurements can be used to infer the
mechanisms occurring during rhodamine B photodegrada-
tion [99, 100].

The photocatalytic activity depends on several properties
like band gap, crystallite size, crystalline phase, specific
surface area, defects and active facets [5, 6, 101]. A clear
relation between the band gaps of all the materials and their
photocatalytic behavior cannot be stated as no significant
band gap differences were observed between the cellulose-
based materials, and the TiO, film grown on polyester sub-
strate revealed a slightly lower value which can be justified
by the structural properties of this material. The TiO, active
facets are {110} > {001} > {100} for rutile, and {210} for
brookite [13]. In this study, contributions can be expected
from active facets in all materials. The mixture of TiO,
phases also can contribute to the increase of photocatalytic
performance [6, 102]. In this study, Raman measurements
(Fig. 4) revealed a mixture of TiO, phases (brookite and
rutile) for all the materials produced, which can have an
expressive contribution to the photocatalytic activity of all
materials under solar light simulating source. An analogous
study also revealed that the mixture of TiO, phases (brook-
ite and rutile) largely increased the photocatalytic perfor-
mance under UV and solar radiation [6]. In fact, it has been
previously described that brookite has higher photocatalytic
activity than anatase or rutile [49]. Another study reported
a mixture of TiO, phases, i.e. anatase—rutile system, which
exhibited enhanced visible light activity, promoting the
effective transfer of photoexcited electrons and favoring
electron—hole separation [90].

The nanocellulose based material demonstrated higher
photocatalytic activity than the other materials, thus the
structural differences of the TiO, nanostructured films and
substrates play a key role on the behavior observed. The cel-
lulose-based materials are expected to have higher specific
surface area than the ones of the polyester material, in which
the latter presented a closed structure with closely packed
nanorods [6]. In fact, the cellulose based materials formed
a continuous film and presented individual nanostructured
particles having nanorod flower-like structures with a more
open structure (Fig. 2), which can lead to the higher sur-
face area [103]. Regarding the substrates, the nanocellulose
substrate has a 3D structure which can effectively enhance
the photocatalytic activity. The 3D closed packed cellulose
nanofiber network of nanocellulose fully covered by TiO,,
not only can provide more active sites for the photoreac-
tion, but also facilitate the species transport and electrons
collection [104].
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These materials exhibited resistance to water immersion,
and after the photocatalytic experiments even the cellulose-
based materials could be recovered and dried as shown on
Fig. 8a. Reusability experiments were carried out for the
best photocatalyst, see Fig. S5, and it can be observed that
the BNC-based material can be reutilized despite the activ-
ity deterioration observed over the exposures [105, 106].
Thus, these experiments demonstrated that the materials
produced, which have been thought to be fully disposable
but showing now that they can be reused, are able to effec-
tively degrade pollutant model dyes, and at some point,
contribute to the environmental protection, while reducing
production costs.

4 Conclusions

TiO, nanostructured films were successfully grown on low-
priced substrates using microwave synthesis at low tempera-
ture, producing flexible and disposable UV photodetectors
and photocatalysts with minimal production stages, as it does
not require the use of seed layers for the photoactive layer
growth, thus reducing the total cost of the device. A mixture
of rutile and brookite was identified in all materials, forming
continuous films with nanostructures that were arranged dis-
tinctively regarding the substrate used. The devices composed
by the TiO, film grown on BNC tended to display enhanced
photosensitivity when compared to the other substrates,
nevertheless all devices studied revealed remarkable stabil-
ity after switching from on to off states several times. The
photodetection behaviour and photocatalytic activity were
shown to depend on the structural characteristics of the TiO,
nanostructured films and substrates. KPFM data also demon-
strated the enhanced BNC-based material behaviour with the
highest contact potential difference shift among the materials
investigated. The present work demonstrated that the simple
approach developed is an effective and attractive alternative
for producing flexible, low-cost, and disposable devices that
can be employed in multifunctional applications as photode-
tectors and photocatalysts.
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