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Abstract: This work aims at the identification of porous titanium dioxide thin film (photo)electrodes
that represent suitable host structures for a subsequent electrodeposition of plasmonic nanoparticles.
Sufficient UV absorption and electrical conductivity were assured by adjusting film thickness and
TiO; crystallinity. Films with up to 10 layers were prepared by an evaporation-induced self-assembly
(EISA) method and layer-by-layer deposition. Activities were tested towards the photoelectrochemical
oxidation of water under UV illumination. Enhanced activities with each additional layer were
observed and explained with increased amounts of immobilized TiO; and access to more active sites
as a combined effect of increased surface area, better crystallinity and improved transport properties.
Furthermore, films display good electrochemical and mechanical stability, which was related to the
controlled intermediate thermal annealing steps, making these materials a promising candidate for
future electrochemical depositions of plasmonic noble metal nanoparticles that has been further
demonstrated by incorporation of gold.

Keywords: titanium dioxide; mesoporous; thin film; multi-layered; photoanode; semiconductor;
photoelectrochemical water oxidation

1. Introduction

Since the seminal discovery of water photolysis by Fujishima and Honda in 1972 [1], TiO;-based
materials have experienced a rarely diminished attention in material research. Due to its unique
set of properties, namely being inexpensive, environmentally benign, stability in aqueous media,
recyclability and having favorable band energies, TiO, is an appealing material choice [2-4]. Moreover,
its very flexible processability and intensively explored synthesis routes to modify its structure lead to
a wide range of energy and environmental applications [5-7]. To name a few non-photocatalytic
applications, these can be sensors [8,9], photovoltaic devices [10,11] and Li-ion batteries [12,13].
Additionally, TiO; can be found in various (heterogenous) photocatalytic applications ranging from
self-cleaning/sterilizing and anti-fogging surfaces [3,14], over water and air purification [15,16] and
anticorrosive coatings [17,18] to CO, photoreduction [19-21] and H; evolution from water [5,22].

To achieve a good photocatalytic performance, it is necessary to know the desired application
before optimizing the catalyst with respect to both its structure and its optoelectrochemical properties.
Structurally, mass transfer (reactant to active sites), charge transfer (catalyst surface to reactant) and
charge transport (catalyst bulk to its surface) must be considered [4]. Access to more active sites, an
improved collection/harvesting of photogenerated charge carriers and light trapping [23] are desirable
approaches towards higher quantum yields. In light of this, extensively documented experimental
techniques towards various target structures have emerged over the course of recent decades [4]. Today,
TiO; can be shaped into films [24-26], spheres [27,28], fibers [29,30], rods [31,32], tubes [26,33], etc. with
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variable pore sizes and/or pore size distributions ranging from micro- [34,35] to macroporous [36,37]
and—occasionally—bimodal hierarchical [38,39].

Optoelectrochemical properties highly depend on the nanostructural features of titanium dioxide,
such as crystallinity and crystallite size, grain boundaries and the types and amounts of defects.
However, there are also two major drawbacks that intrinsically impair the efficiency of pure TiO,-based
photocatalysts: the first is a band gap of ~3.0-3.2 eV which limits photon absorption to the UV
spectrum and thus to the small fraction of ~5% solar photon energy [2,40]; the second is relatively
fast recombination rates of photogenerated electron-hole pairs due to their limited mobility and short
lifetimes [2,41]. There are numerous approaches to address these two issues including metal and/or
nonmetal-doping [40,42,43] (to partially replace either the Ti** and/or O? sites), heterojunction
formation [20,44], Z-schemes [45,46], decoration with quantum dots [47] and—with more recent
success—hydrogenation towards “black” TiO, [48] or introduction of surface plasmon resonance (SPR)
active noble metal nanoparticles (NPs) [41,49-53]. To develop TiO; photocatalysts, it is, therefore,
necessary to address both origins—structure and intrinsic optoelectrochemical properties.

The scope of the present study is focused on a TiO;-based system to identify suitable mesoporous
host structures for further modifications related to both origins. It is important to understand the
intended modifications, since they define requirements for the investigated material. At a later
stage of this study, the electrochemical deposition (ED) of SPR-active Au-NPs is outlined. The basic
appeal of decorating TiO, with such NPs is that both major drawbacks can be tackled simultaneously:
Visible-light response can be attained via the SPR effect plus subsequent injection of hot electrons
into the conduction band of TiO; [54] (Where they can be consumed for reduction processes [55,56])
and improved electron/hole separation, since the metal-TiO; interface forms a Schottky barrier
thus decelerating charge carrier recombination [41,51]. SPR features are not only size and shape
dependent [57], but the surrounding chemical environment and its interaction with the NPs also plays
a crucial role. When considering the latter fact together with the intended ED, the most important
requirement for the TiO, host system becomes apparent: being a (meso)porous TiO; electrode.

Mesoporous TiO; thin films (MTTFs) not only display tunable host matrices due to their
well-definable pore system [58,59], they are also beneficial for facilitated product recovery due to their
immobilized nature. A frequently reported technique towards MTTFs—which is commonly used for
dip-, spin-coating [60]—is the balanced combination of sol-gel chemistry and the evaporation-induced
self-assembly (EISA) in the presence of surfactants which yield the metal oxide and the porous
network, respectively [61-63]. Five steps, namely (i) precursor selection and initial sol preparation,
(ii) deposition, (iii) controlled aging, (iv) template removal and (v) wall crystallization, govern the
final film properties as Soler-Illia et al. pointed out [62]. Recently, the same authors contributed to
state-of-the-art designs of plasmon-enhanced MTTFs with structural control of both the host and
SPR-active NPs guests [64—68]. Their groups prepared well-ordered MTTFs derived either from mild
oxidative at 350 °C air calcination [64-66] or extractive template removal [67,68] and employed an
impregnation-reduction method to introduce noble metal NPs. The resulting films were for example
tested for surface-enhanced Raman scattering (SERS) activity for sensing applications.

The electrochemical incorporation of metallic NPs into MTTFs necessitates electronic conductivity
of the films. Thus, improved crystallinity is required to allow deposition throughout the film rather
than on the electrode’s back contact. This can be achieved by elevated annealing temperatures which
usually are accompanied by significant mesostructural deterioration due to mass migration and crystal
growth [58,62]. The trade-off between loss of active surface area and improved crystallinity can be
manipulated to some extent with an additional thermal treatment under inert-gas atmosphere [47,69].
However, the degree of mesoporosity—which determines accessibility of active sites and diffusion of
molecules through the film—seems to be more important than the order of the porosity [62,70].

Photocatalytic activity not only depends on crystal sizes and structure alone but also on the portion
of absorbed photons. The EISA approach mostly results limited amount of material per deposited
layer [71-73] due the low viscosity and diluted concentrations of EISA-sols [58]. This necessitates a
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more time-consuming but worthwhile layer-by-layer deposition to prepare thicker films [47,72,74,75].
Such MTTFs display considerably high active surface sites that are accessible throughout the film as
result of its mesoporosity and maximize the number of exploitable photogenerated electron-hole pairs
for photocatalytic reactions.

Briefly, the present study aims at the preparation and identification of MTTF (photo)electrode
materials that represent suitable host structures for a subsequent (photo)electrodeposition of plasmonic
noble metal nanoparticles. Thus, the layer-by-layer deposition of multi-layered TiO; onto FTO/glass
substrates and its effect on performance, structure and film stability is investigated. At first,
single-layered MTTFs were prepared according to an established procedure and were further optimized
with respect to a calcination temperature of 550 °C. In the second part, the layer-by-layer deposition
and characterization of multi-layered films are performed showing that an undiminished activity
up to 10 layers is observed. Thirdly, performance and mechanical stability tests are conducted to
demonstrate the film’s durability. Finally, their suitability as porous hosts for subsequent loadings is
briefly demonstrated in terms of pulsed electrochemical incorporation of SPR-active Au-NPs.

2. Materials and Methods

2.1. Chemicals, Materials

FTO/glass substrates (Pilkington “NSG TEC™ A77, 7 QO°1, 22 mm thickness,
manufacturer: NSG Group, Gladbeck, Germany), acetone (Carl Roth, >99.9%),
Pluronic© P123 (Sigma Aldrich, M =~ 5800 g-mol’l), glycerol (VWR, 99.8%),
1,6-diisocyanatohexane (Sigma Aldrich, >98%), abs. ethanol (Fisher Scientific, 99.5%),
HCl(aq) (Fisher Scientific, 37 wt.%), Ti(OEt)s (Alfa Aesar, >99%), de-ionized H,O (18.2 MQ) cm),
HAuCly x 3 HyO (Alfa Aesar, 48.5-50.25 wt.% Au), HCIO,4 (Bernd Kraft, 70 wt.%). All chemicals were
used without further purification.

2.2. Preparation of Mesoporous TiO, Thin Films

The preparation of MTTFs proceeded according to the flowchart depicted in Figure 1a.

b)

Pretreatment

single layer pathway

Humidity Aging

Preconsolidation

46 mm

shortcut to
multiple layers

Calcination

Characterization

Cleaning

Figure 1. (a) Flowchart of steps involved in the film preparation. Green and blue arrows represent
pathways to single- and multi-layered MTTFs, respectively. The pale blue arrow indicates a shortcut
by skipping characterization/cleaning of MTTFs. (b) Scheme and photograph of a TiO; thin film.
Green and blue areas represent the bare FTO and TiO, part, respectively. The circle indicates the region
where electrodeposition might take place later; but more importantly, where optical spectroscopy and
photoelectrochemistry are performed.
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Pretreatment: FTO/glass substrates were cut into pieces of 25 mm X 46 mm and cleaned by four
consecutive ultrasonication steps (namely in 0.1 M NaOH(aq), 0.1 M HCl(aq), ethanol and acetone;
each lasting 10 min at 37 kHz). Cleaned substrates were modified with a so-called “cross-linked P123”.
This strategy has proven to promote the orthogonal orientation of two-dimensional mesochannels (by
providing a surface chemically neutral towards both the hydrophilic (PEO) and hydrophobic (PPO)
parts of the triblock-copolymer of P123) and was first demonstrated for MTTFs by the Rankin
group [76,77]. For doing so, cleaned FTO/glass slides were dip-coated into an acetone-based solution
with equimolar amounts of P123 and 1,6-diisocyanatohexane (both 0.696 mM) where the triol glycerol
enabled cross-linkage. This solution was prepared by dissolving 0.404 g P123 and a droplet of glycerol
into 100 mL acetone (15 min ultrasonication at 37 kHz), precooling in a refrigerator and addition of
12 mg of the diisocyanate inside a glovebox. It was readily used due to the ongoing isocyanate-hydroxyl
polyaddition reaction towards polyurethane and the dip-coating procedure was performed at ambient
conditions with a 70 mm-min—! immersion rate, 20 s holding time and withdrawal rate of 20 mm-min !
with an IDLAB 4 AC Coater device.

Deposition (dip-coating): EISA-sols were prepared by dissolving 1.30 g P123 in 15.0 g ethanol
(15 min ultrasonication at 37 kHz). After being cooled in the refrigerator for 30 min, 3.06 g of
concentrated HCl(aq) were added dropwise under vigorous stirring. The resulting mixture was further
ultrasonicated and placed in a refrigerator for 30 min again. The precooled solution was transferred
into a glovebox where 4.20 g of Ti(OEt), were added dropwise under vigorous stirring. The resulting
molar ratio in the EISA-sol was Ti(OEt)4:P123:EtOH:HCL:H,O = 1.00:0.0122:17.7:1.6:5.9. Both the
chemicals and their stoichometric ratios were adopted from Choi et al. and are known to promote the
formation of hexagonal mesopores [78]. However, little changes regarding the used solvent were made
towards thicker films based on the procedure described in [76].

Films were deposited onto cross-linked FTO/glass substrates via dip-coating (IDLAB 4 AC Coater)
into a teflon-made tank (reservoir dimensions: 38 mm height, 28 mm width, 8 mm depth) with a
70 mm-min~! immersion rate, 20 s holding time and a 20 mm-min ! withdrawal rate. Air-conditioning
allowed operation at T < 15 °C and relative humidities >70 %RH. After 2 min of hanging inside the
dip-coater, the substrates were taken out for the aging phase. Prior to the deposition, the backsides of
the cross-linked substrates were masked with a solvent resistant scotch tape.

Humidity aging, preconsolidation, calcination: As-deposited films were aged at low temperatures
(4 °C) and high relative humidities (>90%) for 2-3 h. This environment has proven to favor the
relatively quick formation of ordered mesostructures [78] and was established by placing substrates in
dedicated aging boxes, namely sealable boxes with a reservoir of saturated KNO3z(aq) that can be stored
inside a refrigerator. To evaporate remaining volatile compounds and complete the polycondensation,
the films were stored inside a drying furnace at 100 °C overnight. For template removal and network
crystallization, the scotch tape was peeled of and preconsolidated films were calcined in air by
increasing the temperature with +5 °C min~! to elevated values of 350-650 °C holding for 2 h and
natural cooling to room temperature.

Pulsed electrodeposition of gold nanoparticles was carried out in a tree-electrode configuration
schematically depicted in Figure 2a. A Pt coil, Ag/AgCl(sat. KCI) and a MTTF were connected to
an AMEL 7050 potentiostat and were used as counter, reference and working electrodes, respectively.
A salt bridge was used to separate reference electrode and deposition bath.



Coatings 2019, 9, 625 5o0f 24

a) Potentiostat b) = adjustaple parameters:
WE CE RE > physico-chemical: c(Aus*),
k c(electrolyte), T, pH
» electrical: U t

pause/pulse, “pause/pulse’
pulse shape, #pulses

u Tpulse (: 1/Vpulse)

A —eeeeeep
Upause F - =

\ A

t

AU

[
1
|
I
|
|
|
|
|
|

[
I 1
| |
I I
| |
| |
| |
| |
| |
| |
| A —|

—————— - — -]

u

_———

t

pulse 4+

pulse tpause

Figure 2. Pulsed electrodeposition of Au-NPs into MTTFs. (a) schematic representation of the used
setup and (b) adjustable parameters.

An aqueous solution of 10 mM HCIO, and 70 uM HAuCl, with a pH value of 2.1 was used as
deposition bath and prior to the addition of the gold salt, the 10 mM HClOy4(aq) was purged with
nitrogen for 30 min [50]. To ensure that a defined geometric sample area is exposed to the electrolyte
solution, the MTTF was masked with a solvent resistant scotch tape leaving out a circular zone of 2 cm
diameter (=3.14 cm?). Electrodeposition was carried out at room temperature on single-layered MTTFs
and involved reduction reaction towards elemental gold shown in Equation (1) [79]. Two oxidation
reactions at the Pt anode are expectable when considering the used chemicals and applied potentials.
They are mentioned in Equations (2) and (3) [79] but are of minor importance here.

The used electrochemical parameters rely on a previous study by Bannat et al. and involved a
pulse potential of Upyise =-2.0 V vs. Ag/AgCl, a pause potential of Upause = +0.1 V vs. Ag/AgCl, a
pulse duration of t,se = 3.0 s, a pause duration of tpause = 0.1 s and a rectangular pulse shape [50].
Three different amounts of pulses were applied, namely 1, 8 and 16.

All involved physicochemical conditions are summarized in Figure 14 for better comparison.

cathode: AuCl; + 3e” — Au )+ 4Cl” red= 1.002 VRyE 1)
anode: 2CI° — Cl, + 2e” Eoy = 1.358 VRug 2)
6H,O — Oy  + 4H30" + 4e” Eox = 1.229 VRyug 3)

2.3. Characterization of Mesoporous TiO, Thin Films

Individual multi-layered MTTFs were characterized by means of UV /Vis and fluorescence
spectroscopy as well as photoelectrochemical (PEC) water oxidation prior to a next deposition. Further
experiments such as XRD, scanning electron microscopy (SEM) and nitrogen sorption were used for
selected final samples only.

UV/Vis transmittance spectra in the range of A = 200-800 nm were recorded with a
Varian Cary 4000 UV /Vis spectrophotometer. Prior to the actual measurement, baseline correction
was ensured by measuring a cleaned blank FTO/glass substrate that has been calcined with the same
temperature program as the investigated MTTF sample.

Fluorescence emissions were measured in the range of A = 400-600 nm with a Varian Cary Eclipse
fluorescence spectrophotometer. The excitation wavelength was 380 nm.

Photoelectrochemical (PEC) measurements were performed using an electrochemical workstation
with a main potentiostat (ZAHNER ZENNIUM Pro) and a secondary potentiostat (ZAHNER PP211) to
power a UV-LED (A =375 nm, dArwyym = £7 nm, 70 W-m~2 incident photon flux). The experiments
were controlled with a computer and the THALES XT software package. A PEC cell (ZAHNER PECC-2)
was filled with aqueous 1 M NaOH of pH = 13.6 and a three-electrode configuration was established by
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using a platinum wire, Ag/AgCl(sat. KCl) and the MTTF as counter, reference and working electrodes,
respectively. Electrical contact to the films was made with help of copper wires and copper tapes
attached to the bare FTO part of each sample. All experiments were performed under front-side
illumination, thus the light entered the PEC cell from the electrolyte side through a quartz window.
To eliminate interference by external irradiation, the PEC cell was placed into a light exclusion box.

For better comparison towards results from literature, the applied potentials versus
Ag/AgCl(sat. KCI) were also translated into potentials relative to the reversible hydrogen electrode
(RHE) by using the Nernst equation:

Erie = Eag/agCisat. kan) +0.059 VpH + ER, ) pqci(sat. KC) )
Wlth EOAg/AgCl(Sat KCI) = 01976 V
and pH = 13.6

Chronoamperometry (It) under UV irradiation was performed with six illumination-dark-periods
of 10 s each at a fixed potential of 1.20 V versus RHE. Linear voltammetric scans, or briefly (IV) scans,
were carried out under UV irradiation or in the dark to ensure that no impurity-related adulterations of
the It data was present. Accordingly, voltage scans were performed in the range of +0.4 V to +2.25V
versus RHE with a scan rate of 15 mV-s~!. Prior to photoelectrochemical measurements of gold-loaded
MTTFs, the electrolyte had to be purged for 30 min with nitrogen to replace dissolved air oxygen. This
step is necessary to eliminate the reductive dark current related to the oxygen reduction reaction.

Cleaning was necessary to remove characterization-related impurities prior to the deposition of
an additional MTTF layer. Conductive adhesive and remaining NaOH from the PEC characterization
were removed by acetone and rinsing with de-ionized water, respectively. The cleaning was completed
by a short period of ultrasonication in de-ionized water and an overnight drying at 100 °C.

Scanning electron microscopy (SEM) was carried out using a FEI Helios NanoLab 600i. Prior to the
experiment, substrates were cut and affixed onto aluminum sample holders using conductive carbon
tape and copper wires before applying conductive silver adhesive. SEM images of both surfaces and
breaking edges were recorded with a secondary electron detector in a working distance of 4 mm and
with an acceleration voltage of 10 kV and an electron beam current of 0.17 nA.

Combined energy dispersive X-ray spectroscopy and scanning electron microscopy (EDX-SEM)
was used for gold-loaded MTTFs. Acceleration voltage and electron beam current were raised to 20 kV
and 5.5 nA, respectively. F, Si, Ti, Sn and Au were selected as elements to assign and overlay pictures
of the collected EDX mappings were generated with the EDX Genesis software.

Grazing incident X-ray diffractograms (GI-XRD) were obtained with a PANalytical Empyrean
diffractometer with CuK, = 1.54 A radiation at an incident angle of 0.5°. The Scherrer equation was
applied to determine the average crystallite sizes.

Nitrogen adsorption-desorption was measured with a Micromeritics ASAP 2020 device. Prior
to the adsorption measurements, the samples were degassed at 150 °C for 2 h at a base pressure of
2 x 107® mm Hg. For each measurement, two identically prepared MTTF substrates were placed
inside a special substrate holder. Surface areas calculated according to the formalism established by
Brunauer, Emmett and Teller (BET) from two selected partial pressures (0.005 p/po and 0.038 p/py) and
were related to the MTTFs’ geometric surfaces due to the very low and in general hard to determine
mass of individual films. The two-point calculation was selected in all cases since it was only possibly
to collect full sorption isotherms for samples with >4 layers. Pore size distributions were calculated
from the desorption branches of the isotherms using the Barrett-Joyner—-Halenda (BJH) model.
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3. Results and Discussion

3.1. Single-Layered Films

Figure 3 shows top-view SEM images of four single-layered MTTFs after different calcination
temperatures between 400-550 °C. After the 400 °C treatment, the desired well-ordered mesoporous
structure was obtained which is in good agreement with the protocol by Nagpure et al. [77]. With
higher temperatures, the mesostructure becomes increasingly deteriorated, involving wall collapses
and particle agglomeration. This observation that a formerly pristine network consisting of closely
packed micelles within an amorphous TiO, matrix experiences structural deterioration (and formation
of worm-like structures) upon air calcination has been commonly observed for MTTFs and is explained
in terms of mass migration that accompanies the proceeding crystallization [62,80]. At the macroscopic
scale, higher temperature treatment affected the structure of the film leading to cracks encompassing
larger regions of FTO which appear much brighter than the TiO, in the SEM images. The measured
thickness was around 450 nm for a single-layered film calcined at 550 °C (shown later in Figure 7).
This is almost twice as much as the ~250 nm mentioned by Rankin et al. [77] who reported the
use of an identical EISA-sol composition as well as similar aging/thermal treatment. Unfortunately,
these authors did not mention their dip-coating conditions (most importantly the used withdrawal
rate). Other thicknesses were not determined within this study, but it was shown elsewhere that the
thermally induced structural collapse is accompanied with a shrinkage of films [81].

Figure 3. Influence of calcination temperature on mesofilm morphology as observed by top-view SEM.

Higher calcination temperatures cause mesostructure deteriorations and the formation of cracks at
T > 500 °C.

To analyze phase composition and crystallinity as a function of calcination temperature, grazing
incidence X-ray diffraction was used. The obtained diffractograms for single-layered MTTFs treated
at different temperatures between 350-550 °C are shown in Figure 4. Reference patterns of anatase
TiO; [82], rutile TiO; [83] and SnO, [84] (as a representative for FTO) are included for reflex assignment
and a diffractogram of a blank FTO/glass substrate was measured to identify the contribution of the
FTO to the recorded diffractograms.
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The observed reflexes in the blank FTO diffractogram can be explained with the used reference
pattern of SnO; in its rutile modification [84]. It is worth mentioning that the (200) orientation at
37.5° of 20 is preferential in the used FTO/glass substrates. After a 350 °C thermal treatment, a weak
anatase (101) reflex at 25.3° of 20 is already visible but FTO-related reflexes dominate (e.g., those related
to the (110), (101), (200) and (211) planes at 26.3°, 33.7°, 37.5° and 51.3° of 26, respectively). Those
reflexes are part of all diffractograms of single-layered MTTFs as result of the small TiO; thickness.
However, they start to diminish with additionally deposited layers (shown later in Figure 8). With
higher calcination temperatures, the anatase phase becomes more crystalline as more intense (still
broad) signals are observed (see insets). Average crystallite sizes for the most pronounced anatase
reflex, namely (101), were calculated using the Scherrer equation and the results are summarized in
Table 1. The observed average grain size increases for elevated calcination temperatures from 16 nm to
28 nm for samples treated at 400 and 550 °C, respectively are caused by mass migration and particle
agglomeration during crystallization [62,80]. This agrees with the structural deterioration observed
from the SEM imaging. No formation of rutile was observed in the investigated temperature range,
indicating anatase is the exclusive phase in the MTTE. For instance, the most prominent rutile reflex,
namely the (110) plane expected at 27.4° of 26, was not formed at all (see upper inset in Figure 4).
However, also less pronounced rutile reflexes such as its (101), (111), and (301) plane (expected around
round 36.0°, 41.2° and 69.0° of 26, respectively) were absent. This is in accordance with previous
reports, where highly thermally stable MTTFs were investigated and the formation of rutile was not
observed for temperatures below 700 °C [60,85,86].

Table 1. Analysis of anatase (101) GI-XRD peak broadening of single-layered MTTFs calcined at
different temperatures.

T/°C FWHM/® Average Crystallite

Size/nm
400 0.859 ~16
500 0.709 ~24

550 0.638 ~28
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The photoactivity of single-layered films was measured by means of photoelectrochemical water
oxidation under UV illumination. Linear voltammetric scans of thermally treated MTTFs at different
temperatures are shown in Figure 5.

u/v
(@) 04 08 12716 20 (b)

30t ig sample d};\zgméé
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-04 0.0 0.4 0.8 1.2
U / VAg/AgCI
Figure 5. Influence of calcination temperature on photoelectrochemical water oxidation

activity. (a) Voltammetric scans and (b) selected photocurrent densities for each corresponding

calcination program.

The observed photocurrent densities strongly depend on the chosen calcination program and
reach a maximum for the 550 °C treated samples. Higher calcination temperatures result in decreased
photocurrent densities, which is likely related to a larger degree of mesostructural collapse that can no
longer be overcompensated by simultaneously improving crystallinity of the MTTE. Such trade-offs
between improved optoelectrochemical properties on the one hand and loss of accessible active
sites on the other are commonly observed for MTTFs [58,62]. The optimal temperature for a given
photocatalytic device not only depends on the involved chemicals and their procession but also on
its later purpose. In the context of this study, the calcination program with a holding temperature of
550 °C was chosen for the preparation of multi-layered films. This thermal treatment gives highest
photoactivities due to improved crystallinity and a still accessible (albeit deteriorated) pore structure.

3.2. Multi-Layered Films

2

Multi-layered films with up to 10 layers have been prepared in terms of an
layer-by-layer deposition which is schematically depicted in Figure 1 on page 3. Accordingly,

‘interrupted”

a typical deposition cycle consisted of the dip-coating deposition, followed by a high humidity
aging treatment at low temperatures, an overnight preconsolidation at 100 °C and finally the
calcination at the optimized temperature of 550 °C. It is emphasized that the term “interrupted”
derives from the fact that individual films were characterized prior to the next layer deposition.
Such a characterization usually involved UV/Vis and fluorescence spectroscopy and—more
importantly—photoelectrochemical characterization in terms of water oxidation in a highly alkaline
media. This interim characterization/cleaning is meant to ensure (i) the sole effect of additional layers
by avoiding sample variations and (ii) the robustness of the films without losing activities. However,
its potential effect on the observed photoelectrocatalytical and structural properties must be considered
in context of our experimental findings.

Figure 6 illustrates the optical properties of the obtained MTTFs. Part (a) shows a side-by-side
photograph of selected multi-layered substrates. Increasing opacities in the visible range already
indicate additional amounts of TiO; with each new layer.
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Figure 6. Photograph and optical spectra of multi-layered MTTFs calcined at 550 °C. (a) Photographs
of selected samples, (b) UV /Vis transmittance spectra, (c) Tauc plots, and (d) fluorescence spectra.

This observation is confirmed in terms of the UV /Vis transmittance spectra shown in Figure 6b
where the increasing opacity is apparent in both the UV and visible range. While reduced UV
transmittance is entirely intentional and the decisive motivation for multi-layer formation in the
first place, the optical opacity might be beneficial for intended future incorporation of plasmonic
nanoparticles. The intense back-scattering of visible photons within the film implies that more visible
photons could be consumed for surface plasmon resonance.

Figure 6¢ shows the Tauc plots and optical band gaps. While single- and double-layered films
show slightly higher band gaps of ~3.4 eV and ~3.3 eV respectively, films consisting of four and
more layers display values close to the expected 3.2 eV of TiO, in its anatase modification [2]. This
observation of slightly larger optical band gaps for 1L and 2L could hint at quantum size effects
that disappear with particle growth due to the additional thermal processing of multi-layered films.
Analysis of peak broadening from the Gi-XRD pattern (Figure 8) however, does not reveal increased
grain sizes. In fact, the average crystallite sizes for the most dominant (101) reflexes remain relatively
unaltered at 27 nm. However, these grains might consist of coalesced (aggregated) small nanoparticles,
which only sinter completely during additional thermal treatment.

The deposition of additional TiO; is furthermore confirmed by fluorescence spectroscopy as
increasingly intense fluorescence emissions indicate in Figure 6d. These results are only considered to
be qualitative indicators for the presence of higher TiO, amounts and any further interpretation is not
considered here. Briefly, the experience that one and the same sample occasionally shows noticeable
fluctuations of fluorescence intensities gives reason for this perception.
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A more reliable evidence for the additional deposition of TiO; is the development of film thickness
which was determined by SEM imaging of breaking edges and is shown in Figure 7.

=
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thickness / pm
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Figure 7. Development of film thickness as function of deposited MTTF layers. (a) Breaking
edge SEM images of multi-layered MTTFs calcined at 550 °C and (b) their corresponding
thickness-versus-layer plot.

The development of 0.45, 0.75,1.05, 1.4, 1.7 and 2.15 pm for 1-, 2-, 4-, 6-, 8- and 10-layered films,
respectively is in fact not as clearly indicative for a linear correlation between film thickness and
number of deposited layers as claimed by other authors [47,73-75,87,83]; however, a subsequent gain
of TiO; is evident. Considering the development from 2-10 layers, a linear increase (of ~150-200 nm
per layer) can be determined. Thus, only the first two layers with their above-the-average thickness
exhibit an exception.

One possible explanation for the exceptionally high thickness of 0.45 pm of the first layer could be
that the surface initially deposited onto (FTO) displays a significantly different environment compared
to that of all subsequent layers (mesoporous TiO,). Another explanation regarding the second layer
could be related to the 550 °C air calcination and total oxidative removal of surfactants that fully
exposes the porous structure of the first layer. This in turn might allow another EISA-sol infiltration
compared to higher-layered MTTFs later. In fact, the Grosso group reported a layer-by-layer synthesis
route involving an interposed dip-coating into a diluted ethanolic surfactant solution (just these two
chemicals) to allow pore refilling of thermally exposed mesopores prior to subsequent dip-coating into
EISA-sol [73]. Such a treatment allowed a linear increase of film thickness. For more than two layers



Coatings 2019, 9, 625 12 of 24

indeed, a more or less linear dependence is observed indicating an “equilibrated sub-surface” for the
subsequent deposition cycle.

Figure 8 shows GI-XRD patterns of the obtained multi-layered MTTFs together with
reference patterns.

3 3 3 | Anatase (98-015-4604)
| SRS ] Rutile (00-021-1276)
) P _Sn02 (98-009-7414)
N oL
A 8L
2 e ||
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Figure 8. Normalized GI-XRD patterns of multi-layered MTTFs calcined at 550 °C. Reference
patterns [82-84] and selected hkl values are displayed for better interpretation.

In case of single- and double-layered films, FTO-related reflexes are dominant, but they quickly
decline with further layers. Still noticeable FTO reflexes such as (101) and (211) (at 33.7° and 51.3° of
20, respectively) for 10-layered films could possibly be related to the porous and non-compact TiO,
structure. All multi-layered MTTFs appear to consist entirely of the anatase phase. An improved
crystallinity in terms of sharper anatase reflexes as a result of the multiple thermal treatments was
expected, since improved crystallinity of anatase within the bottom layers (resulting from repeated
thermal processing with the additional layer) had already been demonstrated for a relatively lower
interim temperature treatment at 350 °C [74]. The authors performed incident angle dependent GI-XRD
scans between 0.1-0.4° on a five-layered MTTF, thus manipulating the X-ray’s penetration depth and
obtain insights on the crystallinity changes at the bottom layers. Similarly, the MTTFs investigated in
our work may have improved bottom-layer crystallinity as the intermediate thermal treatment was
higher (550 °C) than in the previous report [74]. The average crystallite sizes obtained from the most
dominant (101) reflexes remain relatively unaltered at 27 nm (see Table 2).

Table 2. Analysis of anatase (101) GI-XRD peak broadening of single-layered MTTFs calcined at
different temperatures.

FWHM/® Average Crystallite

Size/nm
1L 0.638 ~28
2L 0.672 ~25
4L 0.729 ~22
6L 0.623 ~30
8L 0.626 ~29

10L 0.658 ~26
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The specific surface area of the films was investigated with nitrogen sorption experiments
and BET analysis. The BET surface areas were derived from two selected partial pressures
(0.005 p/po and 0.038 p/po) and were related to the MTTFs’ geometric surfaces due to the very
low and in general difficult to determine mass of individual films. Figure 9a shows the calculated BET
surfaces as a function of the number of deposited MTTF layers.
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Figure 9. Nitrogen adsorption-desorption isotherms of multi-layered MTTFs calcined at 550 °C. (a) The
calculated BET surface areas as a function of the number of deposited MTTF layers and (b) nitrogen
sorption isotherms and pore size distribution of selected substrates.

Surface areas increased almost linearly up to four layers where it reached 188 m?-m 2. Beyond
that almost no changes were observed. However, the trend of quickly saturated surface areas is in
very good agreement with similar observation by Prochédzka et al. [74]. They studied P123-templated
MTTFs with 1-5 layers which were obtained via layer-by-layer dip-coating onto FTO/glass and with
2 h lasting thermal treatment at 350 °C prior to the next deposition cycle (but without interruption by
characterization/cleaning). Their finding of an unchanged surface area for more than 3 layers was
explained by the compensation of two opposing processes: added surface area per deposition and lost
surface area due sintering of bottom layers upon thermal treatment [74]. This very explanation is likely
to apply here as well. Moreover, they documented two additional features: the stepwise improvement
of the crystallinity of anatase nanoparticles within bottom layers during repeated thermal processing
and the formation of denser crust films surfaces as a result of one-dimensional constrained sintering.
Although these effects might apply here as well, they are not clearly pronounced in the collected XRD
and SEM data, respectively as stated before. Figure 9b presents full nitrogen sorption isotherms of
selected multi-layer films (4 L, 8 L, 10 L) showing mesopore condensation. An inset shows pore size
distribution from desorption isotherms. With additional layers (and additional thermal treatments),
the pore size distributions shift to smaller values indicating pore narrowing due to “wall thickening”
during the subsequent sol infiltration process.

To correlate the structural properties of MTTFs involved in the present study with their activity,
PEC water oxidation in a highly alkaline media was used as a test reaction. More precisely,
chronoamperometric experiments were carried out under controlled chopped-light UV illumination
conditions at 1.2 V versus RHE. For a better reliability, two identically prepared samples were tested.
The corresponding experimental results are depicted in Figure 10.
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Figure 10. Photocurrent densities (during PEC water oxidation) of multi-layered MTTFs calcined
at 550 °C as a function of the number of deposited MTTF layers. (a) The corresponding
chronoamperometric measurements. (b) Average values of the two sets of samples used during
the chronoamperometric experiment. A green line indicates the average activity increase for the first
eight layers. (c) derivative representation of (b) to emphasize the specialty of both 10L films.

From the raw data depicted in Figure 10a it is clearly visible that the photocurrent increases with
the number of layers. The similarity of results for a pair of samples with the same number of layers
(denoted as dashed and solid lines of same color) underlines their good reproducibility. Figure 10b
shows the average photocurrents of each pair as a function of the number of layers. It becomes clearly
visible that the activity increases almost linearly in the range of 1-8 layers, leading to an average
increase of ~15.5 wA-cm~2 per layer. To our surprise, the 10-layered MTTFs exceed this trend by
exhibiting a significantly higher photocurrent per layer value of ~19.4 pA-cm~2 layer~!. Figure 10c
further emphasizes this circumstance in terms of a derivate plot.

Without focusing too much on the exceptionally active 10-layered films, the observation of an
undiminished activity increases up to 10 L (if even beyond was not tested) has to be explained in the
context of the already discussed findings: One is that the thickness increases almost linearly (at least if
single- and double-layered films are not considered). Another is that the surface area is almost constant
(again if single- and double-layered MTTFs are not considered). Therefore, the enhanced activity needs
to be explained by access to more active sites derived from improved optoelectrochemical properties
and decreased recombinational losses in bottom layers near the FTO. Additionally, the higher rates of
charge carrier formation due to stronger absorption of thicker materials contribute as well. It should
be pointed out that the same thickness-versus-surface-area behavior was observed and successfully
explained in terms of increased bottom-layer crystallinity before [74].

A further possible explanation could be related to the “interrupted” layer-by-layer deposition.
In fact, it may induce structural altering as result of characterization/cleaning steps between each
deposition. Figure 11 shows top-view SEM images of single- versus ten-layered MTTFs at four
different magnifications.
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a) 1L, 550°C b) 10L, 550°C (before)

Figure 11. SEM top-view image of (a) single- and (b) ten-layered MTTFs at different magnifications
showing that an extended network of microscopic cracks is formed in case of the multi-layered sample.

Single-layered films show some isolated cracks which expose the FTO back contact (white lines
in the images). The topology of the ten-layered films, however, was not expected. SEM imaging
reveals the formation of an extended network of small cracks which are much smaller in size but
much more prominent than those for single-layered films. Topologically, these structures resemble
a hierarchically macro-mesoporous systems that were prepared by controlled phase separation and
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surfactant templating [89]. Such a structure provides improved transport properties as the electrolyte’s
infiltration/diffusion into the MTTF becomes facilitated and therefore is likely to contribute to the
enhanced activity as well. At this point it must be determined in terms of uninterrupted control
experiments whether this extensive crack formation is related to the characterization/cleaning step
between deposition or if it is caused by the multiple calcination steps.

3.3. Multi-Layered Films Stability

To gain insights on the chemical and mechanical stability of the films, we have performed
different sets of stability measurements. Electrochemical stability tests were performed on 10-layered
MTTFs and involved the steps of disassembling, cleaning, drying and assembling between each
chronoamperometry measurement. These measurements were carried out for ten consecutive days
and—for better reproducibility—two sets of samples treated at 450 °C and 550 °C (two films each) were
used (see Figure 12a). At the end of the tenth measurement, the sample “550 °C_A"” was mechanically
rubbed with a cotton bud (Q—Tip©) (see Figure 13a).
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Figure 12. (a) Photocurrent stability tests of four 10-layered MTTFs (2x 450 °C, 2 x 550 °C) recorded
at ten different days (disassembling, cleaning, drying, assembling between each measurement).
Photocurrent densities were derived from chronoamperometric experiments and taken after 32.5 s
(right in the middle of an illumination phase). (b) Three-dimensional representation of the
chronoamperometric results that correspond to a the “550 °C_A" sample from (a).

As shown in Figure 12a,b, all films deliver stable photocurrents during the first 10 experiments.
Films treated at 450 °C show values around ~140 pA-cm 2 and films treated at 550 °C &~ 200 pA-cm 2.
To set this into perspective, stable photocatalytic activities of MTTFs (loaded with Pt NPs) were
reported previously by Ismail for both long term and repeated measurements of the photocatalytic
gas-phase oxidation of acetaldehyde [75].

After the rubbing test of “550 °C_A" (red diamond), still comparable photocurrents are observed
with very slight variations, suggesting the films are quite robust and intact. The slight increase of
photocurrents at measurement 11 might be related to the use of a freshly prepared new electrolyte
solution. When considering the photographs taken before and after rubbing, the applied mechanical
stress did not result in macroscopic changes of the films (see Figure 13a). Corresponding SEM
micrographs, however, show that the structural integrity of the films is affected to an extent as scratch
marks and microstructural changes reveal. Overall, there seems to be no significant material abrasion
since the activity stays nearly unaffected which confirms the good adhesion. However, MTTFs cannot
withstand a scotch tape adhesion test (not shown).

In hope for an accelerated film preparation process, two sets of comparative experiments were
carried out: In the first set, we have prepared multi-layered films without an intermediate temperature
step and tested the mechanical stability in a similar way. Unfortunately, these films are not mechanically
stable at all and can be peeled off easily (see Figure 13b). It is worth mentioning that a very comparable
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synthesis route (also without intermediate calcination) was recently reported by Rankin et al. They
used MTTFs with up to five layers as negative electrodes in Li-ion batteries and did not report stability
problems [88]. In another attempt towards faster production of thicker films, a more viscous EISA-sol
was used by having a lower amount of the solvent EtOH in the initial EISA-sol. The obtained MTTFs
exhibited the same problem of bad adhesion (photograph not shown).

a) 10L MTTF b) 3L MTTF
Synthesis procedure: Synthesis procedure:
>> dip-coat./aging/drying/ >> dip-coat./aging/drying<<

calcination << + calcination

before rubbing
after rubbing

Figure 13. Two different samples before and after the “rubbing test”. (a) Photograph and SEM top-view
images of the 10-layered MTTF “550 °C_A" from Figure 12. Although its microscopic structure is
affected by the rubbing, this sample has delivered stable photocurrents prior and after this procedure.
(b) Photograph of a 3-layered MTTF that had been calcined only once to save energy and time, namely
after the drying phase of its third and last deposition cycle. This film is not mechanically stable.

3.4. Proof of Concept: SPR-Active Gold Nanoparticles Inside MTTFs

In this brief subsection, the suitability of our MTTFs as porous host systems for the incorporation of
SPR-active noble metal particles is investigated. As a test reaction, the cathodic pulsed electrodeposition
(pulsed-ED) of gold nanoparticles was used.

The pulsed-ED technique provides the benefit of being simple to operate but still versatile, since
it allows introduction of Au nanoparticles of different size/shape by use of different deposition
potentials, pulse/pause sequences, pulse numbers etc. [50,90]. Therefore, pulsed-ED enables both
fine-tuning of plasmonic properties and intense contact areas between TiO, and Au the same time.
Individual single-layered MTTFs were treated with three different amounts of pulses, namely 1, 8
and 16.

Figure 14 shows the results of the experiments. Figure 14a summarizes the deposition bath
composition and electrochemical pulse parameters. Optical analysis is shown in Figure 14b, where
both a photograph and the corresponding UV /Vis transmittance spectra show the surface plasmon
resonance features related to the introduced gold particles. Specifically, an SPR band is present for all
three Au-modified samples and is in the green region of the visible electromagnetic spectrum around
wavelengths of 530 nm. The tendency towards slightly increased wavelengths after more applied
pulses goes along with the expected particle growth and the size (and shape) dependence of SPR
features [57]. Furthermore, it should be pointed out that the porous TiO; host structure confines the
growth of incorporated gold inside the film—with the limit being dendritic Au structures as partial
replica of the original pore system [50].
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Figure 14. Properties of SPR-active gold-modified MTTFs obtained after three different amounts
of applied cathodic pulses. (a) physicochemical conditions and pulse parameters during pulsed
electrodeposition, (b) UV /Vis transmittance spectra and photograph, (c) chronoamperometric results
(dashed and solid lines before and after pulsed-ED, respectively) with inset showing relative increase
of photocurrents, (d) fluorescence spectra with inset showing relative decrease of emission intensity,
(e) cross-sectional SEM images and corresponding EDX mapping of two selected samples, (f) top-view
SEM image of most active sample near a cracked part showing Au-NPs.

The activity before and after the pulsed-ED was determined in terms PEC water oxidation under
UV illumination and the corresponding chronoamperometric measurements are shown Figure 14c.
The data show that exposure to 1, 8 and 16 pulses leads to highest, second highest and lowest
photocurrents, respectively with corresponding relative photocurrent increases of 87%, 62% and 1%
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(inset of Figure 14c). These increased activities are explained by the formation of a Schottky barrier at
the Au-TiO, interface which causes spatial separation of photogenerated charge carriers involving
transfer of electrons towards the noble metal [41,49]. The consequence is a reduced rate of charge
carrier recombination which extends the amount of harvested charge carriers and their participation in
photoelectrochemical reaction—ultimately leading to the observed improved photocurrents. This is
astonishingly well confirmed in terms fluorescence emissions whose relative decreases of 86%, 68% and
—2% (shown in Figure 14d) go almost perfectly hand in hand with the relative photocurrent increases.
Both experiments prove that the formation of intense contact areas between the noble metal and the
semiconductor is possible with the chosen pulsed-ED approach. The observed decreased activity for
additional pulses might be a result of pore blocking or screening due to an excessive amount of gold.
In fact, MTTFs that experienced an extended electrochemical treatment involving >>>16 pulses have an
extensive deposition of Au on the film surface (not shown).

To further demonstrate the successful incorporation and to possibly obtain first insights regarding
spatial distributions of Au-NPs, SEM-EDX mapping was performed on breaking edges of the samples
exposed to 1 and 16 pulses. The corresponding SEM images and SEM-EDX overlays are shown
in Figure 14e. Regions related to glass, FTO and TiO; can be easily identified and distinguished.
More importantly, the incorporation of Au-NPs is indicated but information related to their spatial
distribution (and their structural properties including size distribution) cannot be extracted from those
images. It appears from the presented overlays that Au is enriched at the film surface. SEM-EDX
mapping confirms the incorporation of Au but for more detailed information of spatial and size
distribution, selected thin Au/MTTF filaments should be analyzed by transmission electron microscopy
(TEM) which is intended for future investigation. Finally, a top-view SEM image of the most active
sample is shown in Figure 14f. It was measured nearby a crack in the MTTF and the incorporation of
Au-NPs is confirmed once more as they appear as small dots with much brighter contrast compared to
the TiO, or the FTO.

4. Conclusions

Multi-layered mesoporous TiO, thin film (photo)electrodes with up to 10 layers were prepared
by an EISA method and repeated dip-coating/aging/drying/calcination cycles (“interrupted”
layer-by-layer deposition). The experimental conditions were derived from an existing route towards
single-layered films and were optimized with respect to the calcination temperature.

Each additional layer was accompanied with an almost linear increase of activity due to increased
amounts of immobilized TiO, and access to more active sites as a combined effect of increased surface
area and better crystallinity. While additional TiO; causes stronger absorption of UV photons and thus
more photogenerated e —h™ pairs, accessible porous structure plus improved crystallinity allows their
collection and participation in photochemical reactions. Another contribution is related to improved
transport properties due to an extended network of cracks which likely derived from the interim
characterization/cleaning steps. These combined effects explain the enhanced activity. Since 10-layered
films show the highest photocurrents in this study, there is no indication of an already saturated activity
which implies that the it can be further maximized with additional layers.

Moreover, the 10-layered films possess both a good photoelectrocatalytical and mechanical
stability making them suitable candidates for future modifications. It was further shown that two
faster routes towards thicker films lead to poor adhesion (an easy peeling off) rendering them useless
for a further usage.

Initial results show the suitability of MTTFs as porous host substrates. Plasmonic gold
nanoparticles were incorporated via pulsed electrochemical deposition and the presence of Au-NPs
was confirmed (SEM-EDX, UV /Vis spectroscopy). All nanocomposites showed improved activities
under UV illumination compared to pure MTTFs which is in excellent agreement with decreased
fluorescence emissions. These observations are explained by reduced h*—e™ rates the Au-TiO,
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interface (Schottky barrier). Further study is in progress to get in depth insights at structural properties
of noble metal deposits, visible-light responses and optimum number of layers of the MTTF host.
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