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main cause of the variations observed in
photocatalytic activity.
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optimized coating reported in this work
was 2.6 GPa.
ARTICLE INFO ABSTRACT
Keywords: To improve food safety during food processing, we developed a titanium dioxide, photocatalytic coating that can
Thin film be applied to standard stainless-steel food contact surfaces (FCS) via a sol-gel method. These thin, self-assembled,
Sol-gel process porous coatings have the potential to reduce surface cross-contamination in food processing environments when

Mechanical properties
TiO,

Photocatalytic

Porous material

used in combination with oxygen, water, and ultraviolet (UV) light through photocatalytic processes. Under
these conditions, the coating releases reactive oxidative species (ROS), the amount of which is directly related to
the coating’s photocatalytic activity; ROS are responsible for killing microorganisms. In this study, a quadratic
mathematical model is used to optimize the relationships among synthetic parameters, including sol-gel aging
time and sintering temperature, and the resulting photocatalytic activity of the coatings. Using statistical anal-
ysis, the coatings synthesized using 223 h aging time and 507 °C sintering temperatures were predicted to yield
maximized photocatalytic activity within the experimental range. We verified this prediction experimentally,
and compared the relationships between photocatalytic activity and the areal porosity of the photocatalytically-
optimized coatings to determine how the porosity of the coatings impacted their photocatalytic activity. Lastly,
in an effort to assess real-life applications, the mechanical stability of the photocatalytically-optimized coatings
was evaluated using nanoindentation and pencil hardness testing. By tailoring the coatings’ physicochemical
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properties to optimize for photocatalytic performance and mechanical stability, we can create photocatalytic
coatings for food contact surfaces that have the potential to prevent or minimize cross-contamination during food

processing.

1. Introduction

Photocatalytic coatings have been touted as some of the most
promising antimicrobial coatings (AMCs), due to their nontargeted
disinfection action of different microorganisms [1]. They are typically
formed from metal oxide materials, such as titanium dioxide (TiO5), zinc
oxide (ZnO), and tin oxide (SnO), which produce various reactive ox-
ygen species (10, 0%, and *OH) when irradiated with ultraviolet (UV)
light in the presence of water or moisture. Of these materials, TiOs is the
flagship component of photocatalytic AMCs due to its ability to generate
a high rate of ROS [2] and due to its ability to generate hydrogen
peroxide (H205) from *OH in the presence of water and UV light (HoO2
also has a known antimicrobial effect) [3-5]. Although published results
are promising in terms of microbial inactivation [6], TiO2-based AMCs
have found little industrial applications because the durability (or me-
chanical robustness) of the coatings remains a standing issue that must
be addressed before the coatings can be effectively translated to
real-world applications [7].

As a broad concept, durability is related to the AMCs’ ability to
withstand damage. Damage of the integrity of the AMCs due to normal
use (wear/scratching) can negatively affect the coatings’ antimicrobial
activity, or in extreme cases, cause the detachment of coatings from
substrates and the termination of the antimicrobial activity altogether
[8,9]. Moreover, if the coating delaminates from the surface, it can
contaminate the food product. Depending on the specific application
within the food production process, the coatings may be exposed to
rinsing, brushing, ice pigging, hot water, steam, detergents, and
hydrogen peroxide, among other stressors. The application of these
stressors may deteriorate coatings by increasing surface roughness,
scratching, cracking, and/or detachment from the substrate. To avoid
this, the AMCs must be designed not only to demonstrate antimicrobial
activity, but also to meet performance metrics regarding utility, such as
various measures of durability, as governed by stringent regulatory
standards applied worldwide [10-13].

The mechanical stability of antimicrobial coatings may be assessed
through the measurement of various mechanical properties, including
abrasion, adhesion, hardness, hydrophobicity, surface roughness, and
antimicrobial agent migration [7]. Many of these properties are signif-
icantly influenced by the composition, microstructure, synthetic pa-
rameters, and the coating or deposition method used to produce the
coatings [14-18]. These properties can be assessed by techniques such
as nanoindentation, pencil hardness testing, tape testing, rotating
abrader testing, and profilometry [19], respectively. When used in
conjunction with standard materials characterization techniques, such
as X-ray diffraction, spectroscopy, and electron microscopy, researchers
can gain a holistic understanding of the nature of the coatings and how
various synthetic parameters impact the resultant compositional,
structural, and mechanical properties, in addition to the materials’
antimicrobial activity.

In this work, we first explore how to design sol-gel based, TiO,
coatings that simultaneously demonstrate optimized photocatalytic ac-
tivity and adequate mechanical robustness (defined by hardness elastic
modulus, and wear). In particular, we explore the impact of areal
porosity (i.e., the coating’s surface area) on the photocatalytic activity
and mechanical resistance. Then, we present the design, synthesis,
deposition, and evaluation of a photocatalytically-optimized nano-
structured, porous, TiOy coating. Throughout this study, we use a
standard method for the determination of photocatalytic activity as a
way to compare our coatings with existing literature for similar coatings,
when available. Lastly, we explore the mechanical properties of the

resulting photocatalytically-optimized coatings in order to determine
their durability.

2. Materials and methods
2.1. Design of experiment

The fundamental physics and chemistry underlying the formation of
the bulk coating microstructure during sol-gel synthesis can be exam-
ined from two fronts: i) the size and extent of branching (gelation) of the
sol species prior to coating deposition, and ii) evaporation of the sol-
vents from the gel during coating deposition. For the former, hydrolysis
and polymerization reactions play a large role in the branching process
and are influenced by the following variables, potentially among others
[20]: type and concentration of precursor, type of solvent, catalyst (acid
or base), pH, presence of templating agent (which did not play any role
in the degradation mechanism because it was removed during the
coating’s sintering step, but was responsible for the spatial structure of
the pores in the coatings), time of reaction (aging time), and sintering
temperature. For the latter, the following variables influence evapora-
tion of the solvents during coating deposition [20]: temperature, relative
humidity surrounding the coating, solvent’s vapor pressure, size, and
extent of branching of the gel, size of pores, coating thickness, relative
rates of condensation reaction and evaporation, and pull-up speed (for
the dip coating process) or spinning speed (for the spin coating process).
Spin coating was chosen over dip coating because it has two relative
advantages: (1) the radially outward flow driven by the centrifugal force
allows for the creation of thinner coatings, and (2) the coating’s thick-
ness is more uniform due to the spin-off action, provided the viscosity of
the sol-gel is not shear dependent [20]. Additionally, once the coating is
deposited on the substrate, the microstructure can be further affected by
the heating rate and the temperatures employed for the heating ramp of
the sintering process (the process by which the particles of the coating
spatially rearrange when temperature is increased) [20,21]. Control of
these variables allows researchers to customize the coating’s micro-
structure and its resulting properties.

However, attempting to control all of the variables at the same time
is an arduous task with many likely confounding factors. Based on prior
literature data on similar coatings [22-24], and particularly on the de-
gree of accuracy that is possible to achieve for controlling the variables,
we identified five synthetic factors that appear to significantly influence
the coatings’ microstructure (see Table 1: type of synthetic protocol,
templating agent to precursor ration, aging time, spinning speed, and
sintering temperature) and affect one or more of the fundamental var-
iables listed above.

In this study, we used a full, two-factorial design of experiments,
shown in Table 2, to evaluate the impact of (1) the type of protocol, (2)
the templating agent to precursor ratio, (3) the aging time, (4) the
spinning speed, and (5) the sintering temperature, on the photocatalytic
activity of the resulting coating. In this type of design of experiment,
each synthetic factor is varied at two extreme levels. The number of runs
and the specific combinations of synthetic factors for each run were
chosen following the procedure proposed by Lazic [32]. The eight runs
were triplicated. The photocatalytic activity, expressed as fading speed
(the rate at which a synthetic dye, methylene blue, was faded), was
assessed for each coating following the test described in section 2.3.3,
and was used as the response of the experiments. This method of pho-
tocatalytic activity assessment (ISO 10678:2010) was selected because,
although multiple tests can be found to demonstrate an AMC’s photo-
catalytic activity and its consequent antimicrobial activity, the
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Table 1

The variables impacting the size and extent of branching and evaporation of
solvent rate of the coatings were changed experimentally by means of five
different synthetic factors: type of synthetic protocol, templating agent to pre-
cursor ratio, aging time, spinning speed, and sintering temperature. Observe that
some factors may influence more than one variable.

Synthetic factor Affected variable

Protocol 1/Protocol 2

Templating agent to precursor
ratio (Ti:EO)"

Aging time

Catalyst, solvent, type of precursor [25,26].
Size and shape of pores [27].

Size and shape of pores, extend of polymerization
reaction, gel viscosity [28,29].

Coating thickness, drying rate, extend of
polymerization reaction [20,30].

Pore size, coating densification [31].

Spinning speed

Sintering temperature

! Pluronic P123, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide), was chosen as the templating agent because its molecular chain length
produces micelles in the range of 20-100 nm diameter in the presence of eth-
oxides, water, and ethanol.

application of standard tests, such as ISO 10678:2010, is the most
convenient way to assess this parameter because it allows for compari-
son of photocatalytic activity between AMCs [1].

In the standard photocatalytic activity test (ISO 10678:2010), the
ROS generated by the coating(s) are assessed by means of the rate of
degradation, via oxidation, of the methylene blue dye, which is
measured spectrophotometrically. The photocatalytic activity is better
interpreted as the rate at which H;O; (a derivative of 0%), *OH, and 1o,
(collectively, the ROS) are generated [1]. ROS generation by semi-
conductor materials (which include TiO5) can be linearly related to their
antibacterial activity by means of Equation (1) obtained from experi-
mental data using Escherichia coli as target cells [2]:

Y= —0.00138X @

where Y is the survival rate (log(N/Ny), X is the average concentration
of total ROS in micromolar units, N; is the number of viable colonies in
contact with the semiconductor nanoparticles for 2 h with no UV light
irradiation, and Ny is the number of viable colonies after 2 h of UV
irradiation in the presence of different semiconductor nanoparticles. The
negative sign of the X factor in Equation (1) means that the higher the
ROS concentration, the lower the survival rate of the cells. Equation (1)
was determined on the presumption that the antimicrobial effect of
semiconductor materials is due to oxidative stress, which may be
bacteria-specific, but for initial or screening studies, this provides a
starting point for comparing coatings.

However, for photocatalytic coatings to be industrially viable as
antimicrobial coatings, they must perform with and withstand deterio-
ration from the cleaning methods they will be used in conjunction with.

Table 2
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Given this, a starting point coating should demonstrate, firstly, a level of
antimicrobial activity. Because the durability of the coating is deter-
mined by the minimum specifications needed in specific processes, we
first focused on optimization of the coating’s photocatalytic activity,
followed by attending to the relationship with the coating’s mechanical
properties after we had determined the optimal synthetic parameters to
produce a photocatalytically-optimized coating.

2.2. Coating fabrication

Coatings were prepared by sol-gel processing using titanium (IV)
ethoxide as a precursor following two different protocols [25,26], see
Table 2. For Protocol 1, the acid-precursor mixture was formed by
mixing 0.80 g of fuming hydrochloric acid (which served as the catalyst
for the hydrolysis and the condensation reactions) (37%, Honeywell
Fluka, USA, the catalyst) with 1.0 g of titanium ethoxide (20% titanium
in ethanol, Sigma-Aldrich, USA) while stirring at 800 rpm. In a separate
vial, 0.25 g or 0.11 g (depending on the titanium to ethylene oxide Ti:EO
ratio) of surfactant, Pluronic P123 (~5800 molecular weight,
Sigma-Aldrich, USA) that was dissolved in 4.25 g of ethanol (>99.5%,
Decon Laboratories, USA), was used as the templating agent and was
then added to the acid-precursor mix. The complete mixture was stirred
at 25 °C using a magnetic bar spinning at 800 rpm by means of a hot
plate (RCT basic and ETS-D5, IKA, Germany). The resultant pH was ~0.
For more details see Atefyekta’s publication [25].

For Protocol 2, 6.4 g of deionized water and 1.0 g of titanium eth-
oxide were mixed for 5 min under stirring at 1200 rpm. The resulting
powder was filtered and washed five times with deionized water and
then reacted with a mixture of 5.3 g of hydrogen peroxide solution (30%
wt/wt in water, Sigma-Aldrich, USA) and 15 g of deionized water at 0°C
in a water-ice bath. The mixture was cooled for four days at 4 °C with no
further mixing until the polymerization was complete. Afterward, the
gel was combined with a solution of P123 and 4.25 g of ethanol
(>99.5%, Decon Laboratories, USA) similar to that used for the first
protocol: 1.00 g of titanium ethoxide/0.25 g of P123 or 1.00 g of tita-
nium ethoxide/0.11 g of P123 were used to obtain 0.5 or 1.2 titanium to
ethylene oxide molar ratios (Ti:EO), respectively. See Urade for details
of the Ti:EO calculation [27]. The as-prepared sol-gels and the tem-
plating agent were mixed to allow the formation of two different sur-
factant phases [27]. Then, the resulting gels were aged inside of closed
vials at room temperature for either 1 h or 240 h after the mixture was
completed. For both protocols, the sol-gels were deposited on clean,
food-grade standard stainless steel typically used in food industry,
square substrates with dimensions 1.8 cm x 1.8 cm (Stainless-steel AISI
304, finishing No. 2B, 0.203 mm thick, Ulbrich, USA) using a spin coater
(WS-400BZ-6NPP/Lite, Laurell, USA). The spin coat cycle consisted of
two steps: (1) 15 s at 200 rpm for dispensing the gel on the substrate and
(2) 45 s at top velocity (to obtain different coating thicknesses [20]) to

Design of experiment to screen synthetic factors influencing the photocatalytic activity of the coatings. Protocol refers to protocol 1 or 2; titanium to ethylene oxide
molar ratio (Ti:EO); aging period of time (t aging); spinning velocity, revolutions per minute (rpm), thermal sintering temperature (T sintering), fading speed (r), and

photocatalytic efficiency (e).

Run Synthetic factors Response Coating’s properties
Protocol Ti:EQ" t agings D rpm T sinterings °C r, x107° M/min £, x107%% Areal porosity Thickness, nm Pencil hardness

1 1 1.2 1 6000 400 3.5+ 0.10 4.8 +0.3 42 608 + 45 -2
2 1 1.2 1 2000 600 2.2+0.18 2.7 +£0.5 24 649 + 54 -2
3 1 0.5 240 6000 400 4.0 £ 0.06 5.6 £ 0.1 38 1056 + 96 6B
4 1 0.5 240 2000 600 2.7 +0.08 2.8 +0.2 34 1200 + 77 5B
5 2 1.2 240 6000 600 3.3+ 0.08 4.0 £ 0.2 ~0 1436 + 215 4B
6 2 1.2 240 2000 400 4.9 +0.14 7.6 £0.3 95 1909 + 135 HB
7 2 0.5 1 6000 600 2.4 £+ 0.09 3.5+0.3 ~0 724 + 38 2B
8 2 0.5 1 2000 400 4.2 +0.23 7.0 + 0.6 84 821 + 50 1B

! The ratio of the number of titanium atoms in solution to the number of ethylene oxide groups in solution was chosen because the surfactant/water/ethanol phase

diagrams are built based on this relationship [33-35].

2 The coatings were so cracked that it was impossible to measure the pencil hardness reliably.
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either 2000 or 6000 rpm. The relative humidity inside the spin-coater
chamber was maintained at 60% using a flow of humid air coming
from a custom-built humidifier. Once on the substrate, the deposited
coatings were dried inside a custom chamber set at 90% relative hu-
midity. Finally, the samples were thermally sintered for 4 h at two
different temperatures in a muffle furnace (Lindberg Blue M, Thermo
Scientific, USA): 400 or 600 °C, which are known to be the minimum
temperature values to obtain anatase and rutile phases, respectively
[21]. All the aforementioned coating fabrication conditions are sum-
marized in Table 2.

2.3. Characterization

2.3.1. Structural and quality analysis

The structures of the AMCs were elucidated using X-ray diffraction
(XRD) (Ultima IV, Rigaku, Japan) using a Cu K-a source, 0.1518 nm
wavelength, 40 kV, 5-80° two theta, stepsize-0.02, at 2°/min using TiOy
powder obtained under exactly the same conditions as those used to
fabricate the optimized coating. The powder was obtained from the gel
that was used to spin coat the substrates. The gel was dried and sintered
using the same heating ramp employed to sinter the optimized coatings.
Powder instead of the actual coating was used because of the coating’s
thin thickness and the substrate’s high roughness produced erratic re-
sults during the X-ray diffraction measurements.

Topographical information about the coatings, namely surface con-
tinuity, coating quality, pore size, pore direction, and coating thickness
were obtained by Scanning Electron Microscopy (SEM). The microscope
(FEI Quanta 600, ThermoFisher Scientific, USA) was operated at 30 keV
potential, smallest aperture, and spot size 3 nm. Since TiO; is a semi-
conducting material, no additional coating for SEM was needed.

The complete removal of Pluronic P123 from the coating was veri-
fied via Energy Dispersive Spectroscopy (EDS) (Quanta 200 with
Xflash6, Bruker, USA). The areal porosity of the coatings was estimated
via areal image analysis of the SEM micrographs. The micrographs of the
top of the coatings were analyzed using ImageJ software (Public
domain, National Institute of Health, USA) with —144 brightness and
0.117 threshold values. Each micrograph was imaged with the same
horizontal field width (HFW 1.71 pm) to maintain consistency in the
data analysis. We assumed that on the surface level, the areal porosity
observed corresponds to cylindrically-shaped, vertical pores, and that
the total area of the top circular daces of those cylinders is directly
proportional to the total volume of pores (Vy,;45) along the lateral surface
(Veoating)- Equation (2) was used to estimate the areal porosity:

o2 Vowids g 0q, — 2 ATCdark iy, @
Vc()ating' s total Ar €doral

where Areagqrk corresponds to the area of each pore observed on the SEM

image and Areayyq corresponds to the total area of the top view image

analyzed (more details are provided in the Supplementary Information

file).

The roughness of the coatings’ surfaces was evaluated using two
methods: (1) atomic force microscopy(Innova, Bruker, USA) using a
silicon probe (ACTA 50, AppNano, USA) in tapping mode, 2.0 pm of scan
range, at 1.0 Hz scan speed, and (2) optical profilometry (Wyko NT
9100, Veeco Instruments, USA) using high definition vertical scanning
interferometry for samples that exhibited high roughness. After coating
the substrate, the hydrophobicity of the coatings was evaluated using a
standard goniometer (200-F4, Ramé-Hart, USA).

2.3.2. Mechanical analysis

Elastic modulus and hardness of the optimized coatings were tested
by nanoindentation (G200, Agilent, USA) with a Berkovich diamond tip
(Micro Star Technologies, USA). Each test consisted of a series of 10
loading and unloading steps and a maximum load of 200 mN. The
modulus and hardness were evaluated at each unloading step using the
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standard Oliver-Pharr method [36]. Each coating surface was sampled
in 25 locations. The tip did not experience torque in a uniaxial test.

Wear was assessed with the same nanoindenter using a sapphire
spherical tip (200 pm diameter, Micro Star Technologies, USA). Each
wear test consisted of 100 unidirectional scratches along a 100 pm long
wear path. Wear was conducted under a constant normal load of 50 mN
and a speed of 50 pm/s.

Bulk hardness was assessed by means of the pencil hardness test. The
test consists of making straight lines on the coating using pencils of
decreasing hardness. This operation is performed using a special pencil
holder of mass 500 g. The holder grasps a pencil at a 45° angle to the
surface of the substrate and is dragged across the substrate against the
grain of the film. The coating is examined under a 40 x magnification to
determine whether the film has been scratched. The result of the test
comes when a pencil lead that is not able to scratch the coating is found.
The hardness is then expressed in terms of a scale that ranges from 6B
(the softest), 5B, 4B, etc. to 6H (the hardest), 5H, etc. The scale has in-
termediate values designated as HB and F, which gives a total of 14
hardness values. This method is based on the standard ASTM D 3363-05
[371.

2.3.3. Photocatalytic activity

The photocatalytic activity of the coatings was tested following the
international standard ISO 10678:2010 [38]. In this test, the samples
were preconditioned by placing them in the dark in 11.3 mL of 2.0x10-5
M methylene blue (this dye is specified by the standard) (84%, Fisher
Scientific, USA) (aq) solution resting for 12 h or until the dye concen-
tration ceased to change. After the preconditioning step, the samples
were rinsed with deionized water, placed in 11.3 mL of 1 x 107> M
aqueous solution of methylene blue and then irradiated with a 6 Watt
UV-A lamp (365 nm, 6 Watts, UVP UVL-56, Analytikjena, USA). The
aqueous solution was stirred every 20 min. Fig. 1 is a schematic repre-
sentation of the test setup. The ROS generated by the photocatalyzed
reaction faded the methylene blue as time passed. The decreasing
methylene blue absorbance was measured using a UV-Visible light
spectrophotometer (Varian Cary 50 Bio, Agilent, USA) operated in
absorbance mode. Absorbance values were recorded at 665 nm. In order
to correlate the absorbance to the concentration of the dye, a calibration

L J

UV light lamp

Quartz slide

Aqueous MB

Coating
Substrate

e T

Stirring every 20 minutes

Fig. 1. Schematic of the main elements to test photocatalytic activity. The
samples are removed from inside the beaker and returned to it after measuring
the absorbance with a spectrophotometer (not shown) in absorbance mode.
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curve was created. The ISO standard specifies a 10 cm? coating sample
placed in 35 mL of dye. Since our coating samples had an area of 3.24
cm?, we used a proportional volume of dye solution, namely 11.3 mL.
Similar experiments were run but with no UV light irradiation (dark),
which served as controls of the test. For more details on the photo-
catalytic activity test refer to the standard [39]. The reported value
expressed as fading speed was calculated using Equation (3):

fading speed [M | min] = C% ln% 3)
1

where C; is the concentration (molar) of methylene blue (determined by
UV visible spectrophotometry and the application of Beer-Lambert Law)
at time ¢ = 180 min, and Cj is the initial concentration (1.00x10°+0.1
M) of methylene blue (aq) at the beginning of the fading experiment.
Additionally, the photocatalytic efficiency was calculated using the
equation established in the international standard for this purpose:

& = Photocatalytic efficiency, %

Specific photoactivity, mol/(m>h)

= 100% 4
Average photon UV radiation intensity, mol/(m>h) ’ Q)

2.4. Optimized coating fabrication

The optimized coating fabrication procedures were exactly the same
as those described in the coating fabrication for screening of synthetic
factors. However, only Protocol 2 was used and the following synthetic
factors were fixed: 1.2 titanium to ethylene oxide ratio, and 4000 rpm
spinning velocity (see Table 3). The experiment shown in Table 3 was
used to collect enough elements to form a second-order polynomial
equation. The center point was located by setting the aging time and
sintering temperature at their midpoints regarding the lower (140 h and
360 °C) and upper level values (340 h and 640 °C). This design used five
center points to check the variability (standard deviation) of the entire
experiment, as well as the significance of the mathematical coefficients
and the lack of fit of the obtained mathematical model [32]. Like in the
screening of synthetic factors, the fading speed was assessed and
assigned as the experiment response (See Table 3).

An additional batch of optimized coatings was prepared exactly in
the same way as described above but using a much more polished sub-
strate (see section 3.4 for a discussion of the reasons for doing so). Clean,
1.8 cm x 1.8 cm square substrates (Stainless-steel AISI 304, finishing No.
8 mirror-like, 0.203 mm thick, Ulbrich, USA) were spin-coated to obtain
coatings whose surface was less affected by the substrate’s topography,
and therefore, made them more useful for nanoindentation testing

Table 3

Central composite or second-order rotatable design of experiment. In this full
design the relevant experimental points are: central (or null) 500 °C and 240 h;
star-like 340 °C, 640 °C, 340 h and 140 h; core 600 °C, 400 °C, 312 h, and 158 h.
The coded « value for the star-like points is 1.414; taging is aging time; Tsintering iS
sintering temperature; r is fading speed; and ¢ is photocatalytic efficiency.

Trial Synthetic factors Response
taging, hours Tsintering> °C r+0.109, £40.2, x10 3%
x 10~° M/min

1 312 600 2.96 3.2
2 158 600 3.30 3.8
3 312 400 2.96 3.2
4 158 400 2.98 3.2
5 140 500 3.82 4.7
6 340 500 2.96 3.2
7 240 360 2.60 2.7
8 240 640 2.86 3.1
9 240 500 4.42 5.8
10 240 500 4.43 5.8
11 240 500 4.18 5.4
12 240 500 4.37 5.7
13 240 500 4.39 6.5
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purposes [40].

3. Results and discussion
3.1. Screening of synthetic factors experiment

In the present work, the triplicated values of the fading speeds
determined for each run were averaged and used as the run’s response
(see Table 2). The results of the design of experiments were analyzed
using a statistical computer program (Minitab 18, Minitab, USA) which
showed that aging time and sintering temperature were the only syn-
thetic factors that affect the fading speed, with a statistical significance
within a 95% confidence interval. Pareto and normal plots of the effects
were constructed to confirm the significance of the factors (Figs. S1 and
S2 of the Supplementary Information document). The statistical analysis
also showed that while there is an interaction effect between spinning
speed and templating agent/precursor ratio, the interaction is not sta-
tistically significant. It is important to highlight that the initial screening
of synthetic factors provided a priori insight about the location of the
optimum values of the synthetic factors. Run 6 of Fig. 2 certainly can be
considered as a combination of variables that gave the highest fading
speed among all the other combinations of synthetic factors. Therefore,
Run 6 was chosen as a reference to locate the center point for the
experimental determination of the mathematical model. Fig. 2 is a
graphical summary of the decreasing, normalized concentration of
methylene blue as a function of time. The steeper the curve, the higher
the photocatalytic activity.

The microstructure of the coatings obtained by different combina-
tions of synthetic factors was the predominant feature responsible for
the variations observed in photocatalytic activity. Fig. 3 illustrates three
exemplars that covered the range of macro/microstructures obtained
from the set of eight experiments of Table 2 after the sintering step. The
SEM images of the eight runs may be found in the supporting informa-
tion document. The microstructure of the coatings was affected by three
factors: the addition of a surfactant agent, the ratio between the sur-
factant agent and the titanium ethoxide, and the aging time. For
example, when a triblock copolymer surfactant, such as P123, was
placed in a selective solvent, such as ethanol, it would form at least four
different micelle types or phases after undergoing an evaporation-
induced self-assembly process [34], see Fig. 4. The four phases are: 1)
rhombohedral with cubic lattice pattern; 2) 2D hexagonal with
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Fig. 2. Overall fading test comparison. The coatings obtained from the eight
combination of fabrication parameters were tested for photocatalytic activity at
regular periods. Certain combinations, such as Run 6 and Run 8 showed the
highest photocatalytic activity, while Run 7 and Run 4 the lowest. Error bars
are on all points, but bars are smaller than the symbol used.
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Fig. 3. Macrostructure and microstructure by SEM of

Run no.

Se b 100 um
1 "

cylindrical micelles arranged in a 2D hexagonal lattice; 3) gyroid also
known as double-gyroid topology; and d) lamellar with planner mi-
celles. The various Ti/surfactant ratios, when combined with the aging
times, yielded two different surfactant phases exhibiting nano-
structured, open pores [27]: gyroid and rhombohedral, that correspond
to microstructures obtained from run 1 and run 6, respectively. These
phases resulted from the interplay of solution composition and ambient
relative humidity in addition to metal-surfactant ratio and aging time
[28]. Micelle phases were formed in the liquid state of the sol-gel pro-
cess. However, the micelles’ spatial configurations were retained due to
the stiffness that polymerization (e.g. aging) gave to the gelled structure
after the methanol and water from the gel had evaporated [20]. During
the sintering step, the surfactant used to form the micelles in the gel was
combusted, leaving a porous structure behind if the temperature is 400
°C, like in run 1 and run 6, or a completely sintered granular surface
when the temperature is 600 °C, such as in run 7.

It can be observed in Fig. 5 that areal porosity was linearly correlated
to fading speed. The highest values of fading speed corresponded to the
highest values of areal porosity, which belonged to Run 6 and Run 8. The
opposite was true for coatings with no pore microstructure, for which
some of the lowest fading speeds were recorded, namely Run 5 and Run
7. Although important, porosity was not indispensable for achieving
photocatalytic activity, as has been observed in nonporous photo-
catalytic coatings [41], just not as much as porous coatings. Returning to
areal porosity, values larger than 80% double the photocatalytic activity
of the coatings compared to nonporous coatings, as can be observed in
Fig. 5. It can also be observed on the plot that all the coatings obtained
from Protocol 1 were located around 40% porosity and 3.00 x 10~°
M/min fading speed, while coatings from Protocol 2 were positioned in

Scale bar 500 nm

TiO, coatings from three different runs. The macro
and microstructures of the coatings are influenced by
all the synthetic factors but especially by the sintering
temperature. Run 1 yielded a completely cracked
coating with gyroid microstructure. Coating from Run
6 was macroscopically even and showed a rhombo-
hedral microstructure. The coating from Run 7 was
even but showed some delamination and completely
sintered microstructure.

two separate groups: (a) around 85% porosity and 5.00 x 10~° M/min
and (b) around 0% porosity and 3.00 x 10~° M/min. Protocol 1 can be
further subdivided into two groups based on the run’s position on the
plot of Fig. 5: Run 2-Run 4 and Run 1-Run 3 corresponding to 600 °C or
400 °C sintering temperature, respectively. A careful examination of the
fabrication parameters corresponding to each run, Table 2, and Table S1
(supplementary information) showed that the microstructure of the
coatings at nanoscale levels varied alternatively from porous to nonporous
depending on the low or high set value (400 °C or 600 °C) of the sintering
temperature. This fact led us to conclude that the sintering temperature
was the most influential parameter that definitely affected the areal
porosity present in the coatings. The high and low values of sintering
temperature separated the coatings of Protocol 1 and Protocol 2 into pair
groups on the plot shown in Fig. 5, providing additional evidence of the
sintering temperature’s influence on the areal porosity of TiOz coatings,
which in turn affected the photocatalytic activity. The importance of the
sintering temperature as a fabrication parameter was later confirmed
through optimization experiments (See mathematical model section
3.2).

Sintering is a complex process in which four competing sub-
processes occur: interfacial area reduction (elimination of porosity),
self-assembly agent calcination (porosity generation), grain growth, and
phase transformation. The progress of each sub-process relative to the
others depends on the period of time that has elapsed, the volume
fraction of crystals (or its absence in case of amorphous materials), and
the sintering temperature. In the specific case of TiO,, the effect of
sintering temperature in the resulting coatings when a tri-block copol-
ymer was used as surfactant is as follows [42]: surface area (determined
by the Brunauer-Emmett-Teller (BET) method) reduction from 214 to
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Fig. 4. P123 forms four different well-ordered nanostructured micelle patterns
in presence of water and ethanol. The renderings were created using the soft-
ware NANOCELL for the triblock copolymer P43 for silica thin films: a)
rhombohedral, b) 2D-hexagonal, ¢) lamellar, and d) gyroid [27]. The ternary
phase diagram e) shows the concentration regions where P123 forms the gyroid
(L), thombohedral (I;), 2D-hexagonal (H;), and lamellar (L) phases [34].
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Fig. 5. Fading speed is positively correlated to nanoscale porosity, which in
turn, is influenced by the sintering temperature, as can be seen from the loca-
tion of the fading speed-porosity points grouping in pairs corresponding to the
high and low temperatures levels used in the screening of synthetic fac-
tors experiment.

119 m?/g and crystallite size growth from 9.8 to 20.5 nm when the
sintering temperature was increased from 400 to 600 °C.

In addition to their main function of serving as screening of synthetic
factors technique, the eight runs also showed both favorable and unfa-
vorable conditions for the formation of macroscopically continuous
coatings. A deeper investigation of the reasons for the observed
macroscopic cracks in coatings from Run 1, Run 2, and Run 3, and the
absence of them on the rest of the runs (see Table S1 in supplementary
information) is out of the scope of the present work; however, it is
possible that the aging time used caused a stiffening of the microstruc-
ture generated by the templating agent in the gel to a much higher de-
gree for the gel from Protocol 1 than it did for the gel of Protocol 2.
Although obtained from the same precursor (titanium ethoxide), it can
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be inferred that Protocol 1 yielded a branched mass fractal gel, while
Protocol 2 produced a uniform (nonfractal) gel of aggregated particles
[20]. It appeared that (1) the branched structure favored the develop-
ment of stress at the interior of the coating during the deposition and
drying steps, which resulted in crack formation, and that (2) the only
parameter that can be varied of the five that were investigated here to
avoid crack formation in coatings prepared from Protocol 1 was aging
time. Particulates forming the gel of Protocol 2 could favor a
low-pressure gradient between the pores of the drying coating and the
ambient surroundings, decreasing the drying stress, which in turn,
prevented crack formation.

Going further into an exploration of the cracked coatings, Run 1 and
Run 2 had such cracked structures that their pencil hardness could not
be determined, showing the influence of the catastrophic failures on the
pencil hardness assessment and the limitations of the technique. The
pencil hardness test is based on the identification of the pencil’s tip,
which did not produce damage on the coating to be assessed, which is
supposed to be continuous and uniform. Since these characteristics were
not met by the coatings obtained for Run 1 and 2, their values could not
be stablished. In the same way, it seems that the type of protocol
influenced the hardness of the rest of the coatings: coatings obtained
from Protocol 1 tended to be softer than those produced by Protocol 2.
This could be attributed to the agglomeration and more compact nature
of the coatings obtained from Protocol 2, while those given by Protocol 1
were branched and spongy.

3.2. Optimization of photocatalytic activity and mathematical model

After determining that sintering temperature and aging time were
statistically significant synthetic factors, we decided to evaluate what
combination of sintering temperature and aging time yielded the best
response for photocatalytic activity, as shown in Table 3. As a first
attempt at this, we created and carried out a design of experiment that
could generate a linear mathematical model of the relationships among
aging time/sintering temperature and photocatalytic activity by
creating coatings while varying sintering temperature and aging time
and keeping the other factors (fabrication protocol, templating agent to
precursor ratio, and spinning speed) constant. However, the experi-
ments demonstrated (see Table S2 in Supplementary Information) that a
linear mathematical model lacked fit, and therefore, was insufficient for
an accurate mathematical description of the observations.

Therefore, we designed and performed a second-order rotatable
design of experiments, varying the aging time and sintering temperature
only. In this experiment, the synthetic factors were varied in four
different levels that scanned the process conditions around the experi-
mental center, namely 240 h aging time and 500 °C. The results of the
design of experiment were statistically analyzed using Minitab’s
response surface analysis tool. The mathematical model obtained in the
form of a regression equation (Equation (5)) along with its statistical
descriptors are shown in Table 4. Using a confidence level of 0.05 (a =
0.05) the linear term of sintering temperature and the aging time-
sintering temperature interaction term were not significant and, there-
fore, could be removed from the mathematical model. In the same way,
lack of fit was not significant and the R? value was close to 100, so the
mathematical model was considered adequate.

A graphical representation of the coating’s photocatalytic activity
expressed as fading speed is shown in Fig. 6. It can be observed that a
certain combination of sintering temperature and aging time gives an
optimum (maximum) fading speed. The optimal values were 223 h of
aging time and 507 °C of sintering temperature with an expected fading
speed of 4.6 x 10~ M/min. Regarding the model, it can be said that the
sintering temperature had the largest influence on the observed fading
speed, followed by the aging time. These results are relevant since it has
been found that (1) calcination temperature of sol-gel TiO, coatings
deposited on titanium showed increased values of hardness, elastic
modulus, and wear resistance [21]; and (2) unaged TiO2-SiO5 coatings
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Table 4

The second-order rotatable design of experiment yielded a quadratic mathe-
matical model whose main parameters are summarized below. The P-values
were used to identify the mathematical model’s significant coefficients. The
mathematical model was also used to calculate the optimal aging time and
sintering temperature. The graph shows the surface response within the exper-
imental space.

Coded coefficients (dimensionless)

Term Coefficient P-value
Constant 4.548 0.000
A, aging time -0.329 0.001
B, sintering temperature 0.121 0.102
AA —1.021 0.000
BB -1.701 0.000
AB —-0.151 0.241
Fit
R? 97% -
Lack of fit - 0.242
Optimization results
taging, hours 223
Tsinterings °C 507
Maximum fading speed, M/min 4.39x107°
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Fig. 6. The shape and position of the optimum conditions to reach the
maximum fading speed can be better visualized by means of this surface plot of
fading speed as a function of aging time (t,ging) and sintering tempera-
ture (Tsintering)-

on titanium showed the best wear resistance while the wear rate
increased with aging times varying from 1 to 10 weeks [29]. The authors
of these two investigations agree that the improvements in the me-
chanical properties are due to the phase structure and grain size,
namely, higher temperature produces more rutile phase (which is denser
than anatase phase) and lower period of times produce smaller grains
sizes. The same trend was observed in our research (see characterization
of photocatalytically-optimized coating), however, the effects of tem-
perature and aging time towards the optimum photocatalytic activity
followed the opposite directions of those required for increased me-
chanical robustness.

Fading speed =4.548 —0.329 (1,ging) — 1.021 (fuging)” — 1701 (Tyiering)
)

3.3. Structural and quality analysis

3.3.1. X-ray diffraction (XRD)

XRD analysis of the TiOy powder obtained using the same synthetic
parameters that were used to produce the photocatalytically-optimized
coating showed the anatase crystal phase only, see Table 5 and Fig. S3 in
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Supplementary Information. Relevant peaks from the XRD pattern were
located at the following 20 angles: 25.17, 38.23, 47.90, 55.01, and
62.60. The 20 peaks at 25° and 48° confirm the anatase TiO5 phase [43].
The crystallite size was calculated using Scherrer’s equation:

T K\
"~ Pcosd

(6)

Where 7 is the mean size of the crystalline domain, K is the shape factor
(~0.9), A is the X-ray wavelength (0.1518 nm), p is the line broadening
at the maximum intensity (~0.0095 radians), and 0 is the Bragg angle.
The average crystallite size was calculated to be 15 nm. This value was
set in context of the hardness and wear discussed in section 3.4.

3.3.2. Contact angle measurement

Two contact angle measurements were performed on the
photocatalytic-optimized coating using 2 pL of pure water as the testing
liquid: with and without UV light illuminating the surface of the coating.
Both tests showed that the coating was hydrophobic, but at different
degrees. The coating’s average contact angle for dark conditions (no UV
light) was 61° while the coating’s average contact angle after 30 min of
UV light irradiation was 78°, meaning that the TiO, coating was more
hydrophobic when irradiated with UV light. This difference showed the
reason why TiOy has been extensively researched as the material of
construction of coatings with potential self-cleaning applications [1].
Although the exploration of this behavior is outside the scope of this
manuscript, it is possible that the generation of ROS by the TiO; in the
presence of water and UV light, which also grants the coatings their
antimicrobial activity, is also responsible of the change in hydropho-
bicity of the surface [44].

3.3.3. Scanning electron microscopy

The complete removal of surfactant, solvents (water and ethanol),
and catalyst (hydrochloric acid) after the sintering step was verified by
Energy-Dispersive X-ray Spectroscopy (see Fig. 7). Titanium and oxygen
were detected at low energies, close to the coating’s surface, while the
intensities of the peaks for iron, chromium, nickel, and manganese (the
stainless steel main components) increased at medium-level energies,
targeting the stainless steel substrate.

The micrographs of the photocatalytically-optimized coating showed
it as a continuous and porous coating. No macroscopic or microscopic
cracks were observed (see Fig. 8). The coating’s thickness varied radially
across the substrate, mainly because the gel was dispensed using a
manual dispensing system rather than an automated one. The thicker
zones were located around the center, while the thinner portions were
found in the intermediate region between the center and the perimeter
of the substrate. This thickness behavior is typical for spin-coated ma-
terials when an automatic gel dosing system is not employed [26]. The
thickness of the coating in the intermediate region was around 690 nm.
It is important to note that the periodic rippling observed in the
micrograph A) of Fig. 8 are due to the substrate’s surface, namely 2B

Table 5
Properties of the photocatalytic-optimized coatings on stainless steel 2B
finishing.

Property Value

Crystal structure Mainly anatase
Nanostructure orientation Rhombohedral [27]
Pencil hardness 2B

Photocatalytic activity, M/min 4.31 + 0.6931x10~°

Photocatalytic efficiency &, % 6.4+1x1073
Areal porosity 50 + 3%
Pore size, nm 76 £ 15
Average roughness, R,, nm 30+6
Thickness, nm 647 + 52
Water contact angle natural light, degree 60.6 + 1.2
Water contact angle with UV light, degree 78.0 + 6.0
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Fig. 7. Optimized coating’s Energy-Dispersive X-ray Spectroscopy spectra. Observe the presence of the main components of the coating (titanium and oxygen) and
the substrate (stainless steel).

Fig. 8. Photocatalytically-optimized coating’s topographic features. A) Macrostructure of the coating: observe how the AMC acquired the substrate’s striations and
defects. B) Microstructure of the coating: observe the three grain boundaries forming a vertex. C) Nanostructure of the coating: observe the pores formed after the
sintering process. D) Coating thickness: ~690 nm.

finishing stainless steel. It can be observed that the coating adapted its 3.3.4. Atomic force microscopy
shape to the striations, crevasses, and defects from the stainless steel The photocatalytically-optimized coating exhibited irregular surface
substrate. (30 nm average roughness, Ra) and conical pores. A typical pore, shown

in Fig. 9, is approximately 100 nm diameter, resembling the pore size
determined from SEM micrographs (76 + 15 nm). There is general
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Fig. 9. Photocatalytically-optimized coating’s surface profile by AFM. Observe that in addition to pores, the AMC also exhibits peaks of different heights.

agreement that surface roughness influences the ability of bacteria to
adhere to surfaces. However, whether certain values of roughness and
surface patterns promote or prevent bacterial adhesion is a matter of
controversy. For example, Liidecke and coworkers argue that on a
nanometer scale, adhesion is reduced with increasing nanoroughness
(~6 nm), but the opposite effect is observed with microroughness (>1
pm) [45]. On the other hand, Whitehead and coworkers indicate that
attachment is microorganism-specific and not related to the surfaces’
average roughness [46]. The roughness of the coating presented in this
paper belongs to the nanoroughness scale, and therefore, may prevent
bacterial adhesion.

3.3.5. Composition determination

The complete removal of P123 from the matrix of the AMC after the
sintering process at 507 °C was verified by EDS. Titanium and oxygen
were the only two elements constituting the coating. Iron, chrome,
magnesium, and traces of other metals were identified as well, but these
elements corresponded to the stainless steel of the substrate.

3.4. Mechanical analysis

3.4.1. Nanoindentation

The nanoindentation tests and wear assessment were performed on
photocatalytic-optimized coatings deposited on stainless steel samples
with mirror-like surface finish. The surface roughness of TiO, coatings
deposited on stainless steel substrates with 2B finish created significant
variability in the measured mechanical measurements because of the
inconsistent contact area between the indenter tip and the rough sub-
strate. The arithmetic average roughness, measured by optical profil-
ometry, for mirror-like and 2B finishing substrates, was 14 nm and 181
nm, respectively. Mirror-like substrate finishes mitigated the effect of
surface roughness on the measurement via nanoindentation of hardness,
elastic modulus, and wear. The mechanical properties of the photo-
catalytic optimized coatings on stainless steel No. 8 mirror-like finishing
were the following: hardness at 380 uN: 4.56 + 0.19 GPa; Wear at 15
cycles: 400 nm; and Elastic modulus at 380 pN: 233 + 10 GPa.

The hardness for the photocatalytically-optimized coating reported
in this work is 4.6 GPa, harder than its stainless steel 304 substrate,
which had an average hardness of 2.3 GPa. The photocatalytically-
optimized coating’s hardness is also similar to 1.0 GPa for a TiO,
anatase coating by electrophoretic deposition reported by Hafedh [47],
and 7.9 GPa for a nonporous TiO; anatase coating obtained by Comakli
via sol-gel process using 500 °C of sintering temperature [21]. The

10

difference between these values can be qualitatively explained consid-
ering that the strength of ceramic materials is correlated to the mate-
rial’s grain size in the following fashion [48]:

o=kG™'? )
where o is the strength (yield stress) (Pa), k is the material specific Hall-
Petch constant (Pa m'/ 2), and G is the grain size (m). Equation (7) states
that smaller grains give harder materials. For example, hardness
decreased from 10 to 6 GPa [48] when grain size increased from 15 to
400 nm for single and polycrystalline TiOy rutile. Comakli and co-
worker’s coating showed an average grain size of 42 nm while the
coating presented here had grain sizes around 15 nm; hence, a harder
coating was expected. However, the coating was determined to be softer,
which is explained considering the other coating’s parameters in addi-
tion to the grain size, such as the grain’s shape, porosity, and crystal
phase, which in turn, are englobed in the value of the Hall-Petch con-
stant k in Equation (7).

The photocatalytically-optimized coating’s elastic modulus is 233
GPa, higher than 190 GPa elastic modulus measured for the stainless
steel 304 mirror-like substrate. The elastic modulus reported in this
work is also higher than those reported for TiOy coatings by electro-
phoretic deposition with 108 GPa [47] and by sol-gel with 176 GPa of
elastic modulus [31]. The elastic modulus E was determined according
to Equation (8):

e V() ®
2/AT) \dn
where dP/dh represents the linear stiffness (N/m) during unloading, and
A(h) is the indenter’s tip area as a function of penetration displacement,
h. The elastic modulus was a function of coating depth, as can be
observed in Fig. 10. For purpose of clarity, the elastic modulus values of
one single test (out of 25) are shown. The measured elastic modulus
continuously decreased with depth into the coating, as the strain field
encountered the underlying stainless steel substrate [49]. Recall that the
photocatalytically-optimized coating was around 650 nm thick. There-
fore, elastic moduli captured from indentation of only less than 60 nm
displacement were considered, which gave an average value of 233 GPa.
Hardness and elastic modulus values shown in are similar in
magnitude to those assessed for similar anatase TiOy coatings [21,47,
501, but well below rutile TiO, coatings whose values reach 12 GPa for
hardness [51]. Higher hardness and elastic modulus may be seen as
advantageous since these coatings may be more resilient, which could be
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Fig. 10. The elastic modulus determined by nanoindentation decreased as the
penetration depth increased, reaching values even lower than those of the
stainless steel substrate. This figure shows elastic modulus values for a sin-
gle test.

achieved by increasing the rutile phase in the coating. However, an in-
crease in the rutile content of the TiOy coating would decrease the
photocatalytic of the coating. Thus, an opportunity of optimization
arises.

3.4.2. Wear assessment

Fig. 10 presents the wear resistance for two repetitions of the
photocatalytically-optimized coating obtained via nanoindentation. A
sapphire spherical tip was conducted via uniform wear cycles across the
coating with a wear path of 100 pm, a constant load of 50 mN, and a
velocity of 50 pm/s. These conditions allowed the indenter’s tip to
penetrate into the coating after the first cycle. When the first wear cycle
was completed, an average plastic deformation of 10 nm was observed.
The local minima in wear displacement of 402 nm was observed at the
15th cycle. The cyclic behavior of the wear displacement may be
interpreted as an artifact originating from the accumulation of the
coating material on the tip surface or within the wear path itself: after
several wear cycles, the coating’s material accumulated into the tip and
then, some of this material was removed after subsequent cycles, start-
ing the accumulation process again. This cyclic accumulation process
could explain the positive (upwards) and the negative (downwards)
displacements observed in Fig. 11 as well as the increasing size of the
error bars.

Fig. 12 reveals some details to help understand what is occurring
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Fig. 11. Nano-wear experiment on photocatalytically-optimized photocatalyst.
The cyclic behavior observed could be explained by TiO, accumulation on the
tip used to perform the scratch across the photocatalyst’s surface.
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during the wear cycles. Along its path, the wear scratch crosses several
substrate’s striae. These striae come from the process from which the
stainless steel was fabricated. As the nanoindenter’s tip is dragged over
the coating’s surface, which has adapted its topography to the substrate,
the wear of the coating followed by the wear of the underlying substrate
at greater wear cycles are observed. If there is loose debris in the wear
path, then that could account for the large error bars. The loose debris
could reorient after each path, while producing a general trend of sub-
strate wear underneath the debris. In addition to the striae of the sub-
strate, the coating’s irregularities also influence the erratic behavior of
the indenter’s tip. For example, it can be observed that the scratch lost
its regular shape when cutting a fissure perpendicularly. The fissure
caused the TiO, to enter the scratch. The presence of loose material and
its subsequent accumulation at the interior of the scratch could be the
reason of the continuous increase in size of the error bars depicted in
Fig. 10.

For cleaning in place (CIP) systems, little mechanical stress is
generated on the FCS since rinsing with hot water and detergents are the
main features of such systems. Therefore, AMCs with low wear values
are good enough. The same is not true for FCS sanitized via ice pigging or
ice blasting, in which high shear stress is produced between the FCS and
the blasting particles, and therefore, AMCs with low wear values are not
convenient. The exact wear quantitative parameters needed for CIP
systems and ice pigging are pending issues that need to be researched.

3.5. Comparison of the photocatalytic activity with values reported in the
literature

A comparison between the obtained photocatalytic activity in the
present study and values reported for photocatalytic activity of TiO,
coatings tested under similar experimental conditions in the literature
was performed. Sangpour and coworkers [52] explored the addition of
noble metal nanoparticles to TiO, coatings deposited on quartz using
magnetron sputtering. The photodecomposition of methylene blue was
greatly increased from 0.072 ppm/h to 0.576 ppm for pure TiO, coatings
and TiOy coatings with Ag and Cu nanoparticles, respectively. The
doped effect was attributed to the increase in surface roughness and the
presence of Ti>* oxygen vacancies formed due to the presence of the
noble metal nanoparticles on the coating’s surface. Lilja and partners
[41] used vapor deposition to coat titanium with TiO5. Degradation of
the dye Rhodamine B was followed as a function of time. A pseudo first
order degradation reaction was assumed, and the value of the constant
rate k = 5.63x10~% min~! was considered as the descriptor of the pho-
tocatalytic activity. To make the comparison between photocatalytic
activities straightforward, the values reported by Lilja were used to
calculate the fading rate of 2.82x10™° M/min for that coating. This
photocatalytic activity was attributed by the authors to the roughness of
the coating; we suggest that the result could also be due to the absence of
pores. An additional paper reporting photocatalytic activity of TiO3 in
terms of methylene blue degradation was found, however, the reported
values are expressed as decay rates [53], and did not allow direct
comparison with our values.

3.6. Local optimum

Run 8 shown in Fig. 2 suggests that a photocatalytic activity local
optimum may exist around the fabrication parameters combination of
Protocol 2, Ti:EO 0.5 ratio, 1 h aging, 2000 rpm spinning speed, and 400
°C sintering temperature. To explore the possibility that the fabrication
conditions of the optimal coating may enhance the value of the local
optimum’s photocatalytic activity, we fabricated additional coatings
using the fabrication conditions for the photocatalytically-optimized
coating, but with 1-h aging only (instead of nine, as used for the opti-
mum). The fading speed obtained for these coatings was 3.79 x 107° +
0.265 M/min, which was lower than the fading speed that was
attempted to be increased, namely, 4.48 x 10° + 0.233 M/min,
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Fig. 12. SEM images showing details from the scratches performed via nanoindentation using a spherical diamond tip. Observe the irregularities along the scratch

path and the accumulation of worn material at the interior of the scratch.

suggesting that the synthetic factors used to explore the local optimum
were varied in the opposite direction required to increase the coating’s
photocatalytic activity.

4. Conclusions

The results presented in this work showed that the coating’s micro-
structure and macrostructure influence, in a larger and lesser degree,
respectively, the photocatalytic activity of the coating.

Among the microstructure describers, porosity plays a major role in
the photocatalytic activity achieved. It was demonstrated that by vary-
ing the statistically significant synthetic parameters only, namely aging
time and sintering temperature, it was possible to develop a coating
whose photocatalytic activity presented a maximum within the experi-
mental range explored in the present work. The combination that yiel-
ded this optimum (maximum) was 9 days of aging time and 507 °C.

The hardness and elastic modulus of the photocatalytically-
optimized coating obtained in this work is higher than TiO, anatase-
phase coatings deposited by electrophoretic deposition, but lower than
nonporous TiO, anatase coatings. It should be realized that, although
rutile TiOz coatings are by far more robust than anatase TiO; coatings,
the former material has lower, if any, photocatalytic activity. Therefore,
an optimal point of photocatalytic activity and robustness should be
found with further research.
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