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Bacterial infection is a widespread concern for the medical community. With the rise of antibiotic
resistant bacteria strains, research has begun to focus on developing bactericidal surfaces as a method
of infection control, to reduce society’s dependence on antibiotics. Previous work in this area has
established hydrothermal synthesis as an effective method of fabricating bactericidal titanium dioxide
nanostructures, with structure height statistically correlated to bactericidal efficiency. This study
investigates the effect of NaOH concentration, reaction temperature and reaction time on
hydrothermally synthesized TiO, nanostructures. Various TiO; nanostructured surfaces, morphologies
and dimensions were achieved by altering hydrothermal process conditions. This data was used to
develop 3 models to predict nanostructure height, as a function of hydrothermal fabrication conditions.
The three models are qualitatively validated using statistical data. These models provide a preliminary
basis of modelling TiO; nanostructure growth during hydrothermal synthesis. The findings of this study
are significant for the designing of nanostructured surfaces for antibacterial applications, and users of
the hydrothermal method for effective and efficient nanostructure fabrication.

concentration, solvent composition, solvent pH, operation
temperature and reaction duration, alters nanoparticle
shape, size and surface roughness [25-28]. High precursor
concentration generally influences morphology and
increases structure density (forming closely packed arrays)
and diameter [29]. Similarly, long reaction time produces
large particles [30,31], with similar effects seen above
180°C. While these patterns and behaviors have been

Introduction

Bactericidal nanotextured surfaces have become a
significant area of research interest in recent years. Studies
propose that the naturally occurring micro and
nanostructures found on certain plant and animal species
result in antibacterial and anti-biofouling behavior [1-7].
Since the discovery of these properties, researchers have

attempted to recreate this effect using metallic and polymer ~ qualitatively investigated, ~quantitative modelling is
materials [1,8-16]. Hydrothermal synthesis has been used  lacking. o _ _ _
in a range of studies [8,13,16,17] due to its reliability, Currently, statistical modelling involving the

hydrothermal process is limited to thermodynamic and
kinetic modelling. Phase stability and yield diagrams allow

environmentally friendly nature, simplicity, low cost
compared to other methods, and flexibility for material

morphology control [13,17]. The process is effective at
producing various morphologies, such as nanoparticles,
nanorods, nanowires and nanotubes.

Researchers believe there are a several surface
properties that influence bactericidal efficiency, such as
wettability [1,9,18-20], and structure height, diameter and
density [21-23]. In our previous work, nanostructure height
was statistically correlated to bactericidal efficiency of
hydrothermally nanostructured TiO, against both Gram-
negative and Gram-positive bacteria [24]. From this
finding, it is important to predict nanostructure growth
during hydrothermal synthesis.

The morphology of hydrothermally synthesized
structures is a result of several factors. Adjusting precursor

control over chemical phases formed during reactions, and
are functions of pH, temperature and initial concentration.
The original model was proposed by Lencka et al. (1993),
and was developed and validated using barium titanate
(BaTiO3) and lead titanate (PbTiOs) [32]. This has been
expanded to yield diagrams for other compounds such as
BaWQ;, [33] and PbTiOs, with a tetramethylammonium
hydroxide mineralizer [34]. These diagrams however are
only applicable to the hydrothermal synthesis of ceramic
powders [35], and cannot be applied to nanostructure
growth on metallic substrates. Researchers have not yet
developed a model describing the height of hydrothermally
synthesized structures as a function of hydrothermal
process conditions. This study develops statistical models
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between nanostructure height and NaOH concentration,
reaction temperature and reaction duration. Quantitative
representation of hydrothermal growth is important to the
hydrothermal process, working to improve process
efficiency and predict resulting material properties prior to
fabrication.

Experimental

Nanotextured TiO, surfaces were fabricated using
hydrothermal synthesis. Various surface textures and
heights were achieved by altering NaOH concentration,
reaction time and reaction temperature. NaOH
concentration ranged from 0.1 — 2.0 M, reaction time from
1 — 10 hours and reaction temperature from 120 — 240°C.
The temperature range was dictated by process constraints.
Hydrothermal structures only grow above 100°C [31],
while the hydrothermal vessel cannot exceed 240°C, as per
manufacturer and safety instructions. Reaction time and
NaOH concentration ranges were selected using previous
trial and error experimentation.

Material synthesis

TiO; micro and nanostructures were fabricated on
1 cm? titanium substrates, which were polished to a surface
roughness of 0.04 um (mirror shine). Plates were sonicated
in acetone for 10 minutes, rinsed 3 times with 18.2 MQ
H20, and dried with N2 gas. Samples were inserted into a
custom-made PTFE holder and put into a 125 mL Parr acid
digestion vessel, with 60 mL NaOH (see Table 1 for
processing conditions). The vessel was placed in the oven,
and heated to the specified reaction temperature. The vessel
was removed after the given reaction time and cooled to
room temperature. Individual samples were then rinsed 3
times in 18.2 MQ H,0 and dried with N2 gas. Samples were
annealed for 1 hour at 300°C (10°C/min heating rate), and
removed when the furnace temperature had cooled below
80°C. Once at room temperature, samples were submerged
in 20 mL of 0.6 M HCI solution for 30 minutes. Samples
were rinsed 3 times in 18.2 MQ H,0 and dried with N gas.
Finally, samples were calcined for 2 hours at 600°C
(10°C/min heating rate) and left to cool in the furnace until
furnace temperature reached 80°C. Three samples were
fabricated for each condition.

Structure measurements

The JEOL JSM-7001F Scanning Electron Microscope
(SEM) was used to measure the structure height of 10
randomly selected structures from each sample, giving a
total of 30 height measurements per hydrothermal
condition.  Structure heights were measured using
in-built JEOL software and was defined as the length from
the base to the tip of the structure (excluding substrate
thickness).

Statistical modelling

IBM SPSS Statistics was used to develop statistical models
in this work. Values for nanostructure height, NaOH
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concentration, reaction time and reaction temperature were
normalized by dividing each measured value by the lowest
recorded value in the data set. Descriptive Statistics
(scatterplots, means, medians and data normality) were
initially used to investigate the nature of the data. The
relationship between height and each individual normalized
parameter (NaOH concentration (C*), reaction time (t*)
and reaction temperature (T*)) was established through
univariate regression. Insignificant terms (p>0.05) were
removed to improve model accuracy. Quantitative
statistical data from the model, such as residual data,
skewness and kurtosis were examined for model accuracy.
To optimize accuracy, all 30 height measurements were
included in the model, allowing the model to include
measurement variance.

Table 1. Hydrothermal process conditions.

Samples for NaOH Reaction Reaction
Concentration Concentration Temperature Time
Model (M) (°C) (Hrs)
0.1_3 240 0.1 3 240
0.25_3_240 0.25 3 240
0.5_3 240 0.5 3 240
1.0_3 240 1.0 3 240
1.5_3 240 15 3 240
2.0_3 240 2.0 3 240
Samples for NaOH Reaction Reaction
Temperature Concentration Temperature Time
Model (M) (°C) (Hrs)
1.0_3 120 1.0 3 120
1.0 3 145 1.0 3 145
1.0 3 170 1.0 3 170
1.0.3 195 1.0 3 195
1.0 3 220 1.0 3 220
1.0 3 240 1.0 3 240
Samples NaOH Reaction Reaction
for Time Concentration Temperature Time
Model (M) (°C) (Hrs)
1.0 1 240 1.0 1 240
1.0_2_240 1.0 2 240
1.0 3 240 1.0 3 240
1.0 5 240 1.0 5 240
1.0_8 240 1.0 8 240
1.0_10_240 1.0 10 240

Each parameter in the equation was normalized before
completing the regression step, using the following
equations:

c-LtM 1)
0.1 (M)
o T(C) )
120 (°C)
« _t(Hrs) 3
t = D 3)
. h (nm) @)

- Shortest stucture height measured in set (nm)

where C is NaOH concentration (M), T is reaction
temperature (°C) and t is reaction time (Hrs).
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Results and discussion
Effect of NaOH concentration

SEM images of samples testing the effect of NaOH
concentration can be seen in Fig. 1. The surface
morphology of the TiO; structures show that NaOH
concentration has a profound effect on general surface
morphology. Fig. 1 shows that as NaOH concentration
increases, surface morphology changes from small random
nanostructures (Fig. 1a and Fig. 1b), to longer pillar-like
structures (Fig. 1c and Fig. 1d), and finally to large,
interconnected mesh-like structures at high NaOH
concentrations (Fig. 1e and Fig. 1f). The most significant
change in morphology occurs between 1.0 and 1.5M
NaOH, where structures change from pillars to a mesh-like
array. This change in structure has an associated increase in
array height, where structure height increases from 307 nm
(at 1.0 M) to 880 nm (at 1.5 M) (Supporting Information,
Table 2). Increasing NaOH concentration leads to the
formation of highly dense, close-packed mesh-like

structures due to the increased number of nucleation sites at
higher NaOH concentrations. As structures grow, their tips
fuse together with neighboring structures [16,30], thereby
creating the highly connected arrays observed.

100 nm

Fig. 1. SEM images of samplea) 0.1_3 240,b) 0.25_3 240,c)0.5_3 240,
d) 1.0_3 240, e) 1.5_3 240 and f) 2.0_3_240

10(’]_nm

The first step of modelling the effect of NaOH
concentration on structure height was to explore the data in
IBM SPSS Statistics. Fig. 2a shows that structure height
generally increases with NaOH concentration. At small
NaOH concentrations (0.1 M) the range of nanostructure
height is much smaller, whereas at the highest
concentration (2.0 M), there is a larger range of height
recorded.
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A quadratic curve was found to be the best estimation
of the data, hence the model is in the general quadratic form
y = ax®> + bx + c, where a, b and ¢ are parameter
coefficients, x is the normalized NaOH concentration and y
is the normalized array height. Using this general form,
parameter estimates were computed in SPSS and the
following equation obtained:

h* =0.031C2 —0.140C" +1.838 )

where h* is normalized average structure height
(h*=h/120 nm) and C* is normalized NaOH concentration.
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Fig. 2. (a) Change in structure height (nm) with NaOH concentration,
(b) model residual scatterplot, (c) standardized residual normality plot.

The residual data (Fig. 2b and Fig. 2c) examines the
statistical accuracy of the model. The scatterplot of the
standardised residuals versus the predicted value for
normalized height (Fig. 2b) shows that residual values are
fairly random but are grouped more closely at smaller
heights than at larger heights, showing uneven
homoscedasticity (a measure of the homogeneity of the
model’s variance). The range of residual values is small at
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lower predicted height values and increases at higher
predicted heights. This indicates that at small
concentrations the model is more accurate compared to
larger NaOH concentrations. This is to be expected, given
the large variance observed in Fig. 2a, where the range of
height values is much larger at higher concentrations.

Fig. 2c shows the residual normality of the predicted
model has a general bell curve shape. The skewness (0.280)
and kurtosis of the residual normality were found to be
0.280 and 0.861 and are within the acceptable range of
3.0. The mean (0.000) and median (0.0127) of the residual
data are similar, reinforcing the legitimacy of the model.
Therefore, the model is valid for predicting nanostructure
height using NaOH concentration at constant reaction
temperature of 240°C and 3 hours reaction time.

Effect of reaction temperature

Fig. 3 shows the change in structure, size and morphology
of the hydrothermally synthesized TiO, with reaction
temperature.

Fig. 3. SEM images of sample a) 1.0_3 120, b) 1.0 3 145,¢) 1.0_3 170,
d) 1.0 3 195, ¢€) 1.0_3 220 and f) 1.0_3_240.

Fig. 3 shows that hydrothermal temperature has a
conservative effect on surface morphology. At 120°C
structures appear to be fused at the tip [31], which separate
as temperature increases, becoming individualized. The
change in morphology is less obvious compared to
morphology changes with NaOH concentration.

To form the model relating height to reaction
temperature, NaOH concentration remained constant at 1.0
M, and reaction time at 3 hours. Fig. 4a shows the
scatterplot of the change in array height with increasing
hydrothermal temperature.
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Fig. 4. (a) Change in nanostructure height (nm) with hydrothermal
temperature (°C), (b) residual scatterplot, (c) standardized residual
normality plot.

Fig. 4a shows that the height follows a general cubic
relationship with reaction temperature. The following
equation was developed in IBM SPSS Statistics to describe
the relationship between structure height and hydrothermal
reaction time:

h" =-10.666T° —46.580T 2 —65.144T" +30.749  (6)
where h* is the normalized structure height (h* = h/210 nm)
and T* is normalized hydrothermal reaction temperature.
This model shows that structure height is predicted to
initially decrease with increasing temperature until
approximately 140°C (1.17 normalized temperature), after
which  height increases with temperature until
approximately 215°C (1.79 normalized temperature). After
this temperature, height once again decreases with
increasing temperature until 240°C (2.0 normalized
temperature).

Fig. 4b shows that the residuals are random, with no
obvious pattern and a reasonable level of homoscedasticity.
The normality plot of the residuals (Fig. 4c) shows an
obvious bell curve shape, indicating that the model has a
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high level of accuracy. The kurtosis (0.270) and skewness
(-0.099) also show that the residual normality is favorable.
Therefore, the model is statistically valid for predicting
nanostructure  height using hydrothermal reaction
temperature at constant NaOH concentration (1.0 M) and 3
hours reaction time.

Effect of reaction time

Fig. 5 shows change in surface morphology with increasing
hydrothermal reaction time.

Fig. 5. SEM images of samples (a) 1.0_1 240, b) 1.0_2 240,
(c) 1.0_3_240, (d) 1.0_5_240, () 1.0_8_240 and (f) 1.0_10_240.

It is interesting to note that as time increases, structures
grow from individualized pillar-like structures (Fig. 5a —
Fig. 5¢) to a mesh-like array (Fig. 5d — Fig. 5f). There isa
sharp and significant increase in structure height between 3
and 5 hours. During this time, structures grow from
nanoscale to microscale structures, however structure
diameter shows little change. The largest array height
occurs at 1.0 8 240 (7337 nm). Array height then
decreases to 6884 nm after 10 hours (Supplementary
Information, Table 2). Fig. 6a shows that for reaction times
between 1 to 3 hours, structures have a comparatively small
mean height. Structure heights at the first three reaction
times are similar, showing that during this time-period,
there is little change in height with temperature. At the
higher tested reaction times (5, 8 and 10 hours), structure
height increases significantly compared to the 1 to 3-hour
time conditions. Interestingly, for the three shorter reaction
times, there is little variation in structure height of these
samples. However, the three longer reaction times produce
a large range of variation in height.
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Fig. 6. (a) Change in height (nm) with hydrothermal reaction time (Hrs),
(b) residual scatterplot, (c) standardized residual normality plot.

A model describing the change in nanostructure height
with reaction time was developed in IBM SPSS Statistics,
and found to be:

h" =-0.214° +2.987t” —5.275t" —0.681 (7
where h* is the normalized average array height (h* = h/194
nm) and t* is hydrothermal reaction time. Fig. 6b and Fig.
6c show random residuals as well as a satisfactory
normality bell curve. The model is valid for hydrothermal
reaction times between 1 and 10 hours, at a reaction
temperature of 240°C and reacting with 1.0 M NaOH.

Limitations

While these models are a reasonable starting point for
modelling the effect of hydrothermal process parameters on
resulting structure height, there are several ways in which
the models could be improved. Firstly, and most
significantly, the models only show the individual effect of
each process parameter. From this point, our current work
will involve combining these models to find a single
expression for nanostructure height, as a function of NaOH
concentration, reaction time and reaction temperature.
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A significant drawback of this model is the relatively
small data set. Ideally, at least 100 experimental conditions
would be used to construct the statistical models, allowing
for much more accurate models to be developed. Another
drawback is that the process used to develop the models
ignores the fact that the 30 height measurements are taken
from 3 samples, treating the data as 30 independent
samples. However, this limitation is partially adjusted for
by including the sample and replicate number as fixed
factors in the univariate general model construction.

Another limitation is that the model is only valid within
the tested parameter bounds, i.e. between 0.1 and 1.0 M
NaOH, 1 and 10 hours, and 120 and 240°C, and has not yet
been experimentally validated. While the models have
some real-world limitations, they serve as estimate for
nanostructure height given specified process variables. The
models are applicable for predicting the height of the
surface structures in a hydrothermal experiment, where Ti
is reacted with NaOH to form TiO..

Conclusion

This work developed models to predict structure height of
hydrothermally synthesized TiO nanostructures from three
experimental parameters; NaOH concentration, reaction
time and reaction temperature. All models were
qualitatively validated using statistical analysis. These
models can be employed by those using the hydrothermal
process to predict structure morphology before beginning
experimental work. The future work of this study is to
develop a single model predicting nanostructure height as a
function of NaOH concentration, reaction time and reaction
temperature.
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