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Title

P-doped surface coatings and process of preparation thereof

Field

The present application relates to anti-microbial coatings for surfaces; and
more particularly to coatings doped by phosphorus which are referred to as “P-
doped coatings” and which are active in both the UV and visible light spectrum.

Background of The Invention

TiO2 has been extensively used in different photocatalytic applications
including antimicrobial coatings. The main photoactive polymorphs of TiO2 are
anatase and brookite, with anatase being the most efficient. The photocatalytic
effect initiates by absorbing light with an energy equal to or greater than the
bandgap of TiO2. Consequently, the electrons in the valence are excited to the
conduction band, while positive holes form in the valence band. These
photoexcited electrons and photogenerated positive holes are responsible for
photocatalytic reactions.

To make photocatalysts responsive io visible light, it is necessary to
narrow the band gap energy between the valence band and the conduction
band or to form other energy levels between them. Nevertheless, the bandgap
of TiOz (anatase phase = 3.2 to 3.3 eV) lies in the UV region of the
electromagnetic spectrum, limiting its photoactivation under visible light. This
has become the driving force for developing various strategies in an effort to
modify the bandgap of TiOx.

Tuning the electrical properties of TiO2 can be performed in different ways;
and doping (including doping by metal or non-metal, or co-doping) is one of the
effective approaches to fulfil this objective. Non-metal doping is one of the
methods to shift the photoactivation of anatase TiO: into the visible range. This
group of dopants has two sub-groups namely cationic and anionic, with anions
narrowing the bandgap and cations injecting electrons into the conduction band
and creating intermediate energy levels.
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Phosphorus as a dopant allows the possibility of both cationic (P5*) and
anionic (P*") doping of anatase TiOz. In the pentavalent state (P5*), phosphorus
can induce a blue-shift and an increase in the free charge carriers of
phosphorus-doped TiOz films.

International patent application no. W0O2015/091261 discloses a process
for the preparation of a photocatalytically active antimicrobial surface coating.
The process mixes a chelating agent with titanium alkoxide and fluoroacetic
acid, and subsequently adds an aqueous solution to the mixture.

Fluoroacetic acid is a highly corrosive acid and therefore it is
advantageous to replace it with a less corrosive, more user-friendly acid. The
application presents the development of a P-doped titania antimicrobial coating
solution which has several advantages over the existing technology.

The advantages of the present invention result from the elimination of TFA
and the inclusion of a phosphoric acid or derivative thereof, which in turn leads
to improved process-related aspects: decreasing production cost, increasing the
efficiency of doping, or reducing the acidity due to phosphoric acid being less
corrosive than TFA, and, due to the non-volatility of phosphoric acid, the
possibility of its addition at a later stage in the synthesis, thus resulting in the
composition and doping level being customisable from a standard stock sol.
Surprisingly, in addition, the anatase phase is present at higher temperatures
when using the novel technology than when using F-doping.

Summary

Accordingly, the present invention provides a process for the preparation
of an antimicrobial coating solution, the process comprising the steps of:
(i) Mixing a chelating agent with a titanium alkoxide and a
phosphorylating agent; and
(ii) Adding an aqueous solution to the mixture formed from step (i).
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The present invention also provides a process according to the above
process, wherein the aqueous solution is added in step (i) and the
phosphorylating agent is added in step (ii).

The present invention also provides a process according to the above
process, wherein the agueous solution and the phosphorylating agent are

added in step (ii).

~ The present invention also provides a process for making an antimicrobial

powder comprising the initial step of preparing a solution in accordance
with any preceding claim, evaporating the solvents from the solution and
then annealing the residue at a temperature between 300 °C and 1400 °C.

The present invention also provides a method of preparing an antimicrobial
coating composition comprising the step of mixing an antimicrobial powder
as prepared by the process of claim 23 with a coating solution as prepared

by the above processes.

The present invention also provides an antimicrobial coating composition
obtained by the above method, wherein the coating composition is UV and
visible light activated.

The present invention also provides an antimicrobial coating composition
obtained by the above method, wherein the coating composition exhibits
antimicrobial activity under both UV and visible light and in reduced light.
The present invention also provides an antimicrobial coating composition
obtained by the above method, wherein the coating composition is stable

at temperatures up to 1400 °C.

The present invention also provides an antimicrobial coating composition

comprising a hydrolysed phosphorus-sol.

3
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The present invention also provides an antimicrobial coating composition
comprising a transparent phosphorus-doped titania coating.

The present invention also provides an antimicrobial coating composition

comprising phosphorus-doped titanyl acetate.

The present invention also provides a method for coating a substrate, the
method comprising the steps of
(i) Depositing an antimicrobial coating solution prepared according to
the process described above or an antimicrobial coating
composition as described above, on a substrate
(ii) Drying said coating; and
(i)  Exposing the coated substrate to a temperature above 300 °C for a
period of time in the range of 20 minutes to 30 hours.

The present invention also provides a coated substrate comprising an

antimicrobial coating prepared by the process as described above.

One of the main advantages of P-doped coating solutions lies in the final
production cost which in turn affects the marketed price for customers.

The P precursor used during solution production is non-volatile and non-
oxidising. This makes the handling, storage and application of the solution
straightforward. Moreover, no additional extraction and filtering system is
needed on the production line.

Phosphoric acid is stable, even under thermal exposure conditions.

The anatase phase is present in the system to a large extent even at

temperatures as high as 1100°C. This increases the product’s potential

4
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applications, with many manufacturers requiring firing conditions at this

temperature and above.

A first embodiment of the application provides a process for the
preparation of an antimicrobial coating solution using orthophosphoric acid.

In one aspect, the present teaching provides a process for the preparation
of an antimicrobial coating solution, the process comprising the steps of:
(i) mixing a chelating agent with titanium alkoxide and orthophosphoric acid;
and

(ii) adding an aqueous solution to the mixture from step (i).

It is to be understood that in the preferred embodiment, the agueous
solution comprises solely water as the solvent. However, in an alternative
embodiment, the aqueous solution can also comprise organic solvents such as
alcohols including, but not limited to, ethanol, methanol or isopropanal, in an
amount up to 80 water: 20 organic solvent. However, this inclusion of an
organic solvent would increase the ‘carbon foot print’ and the cost would be
higher than in the embodiments in which the aqueous solution relies entirely on

water as the solvent.

An advantage of the process according to the present teaching is that it
allows for a thin homogeneous coating to be applied to a substrate (in this
context, the term “thin” means approx 20nm to 200nm thickness for a single or
multiple layer(s) and still provide for effective antimicrobial action, the end

product being transparent to the user.

The addition of an aqueous solution is counter intuitive because normally
the addition of water would cause the titanium dioxide to precipitate out.
However, it has been found that by using a high ratio of the aqueous solution to
the other components that precipitation is avoided. The term, “high ratio” means

above 50 moles times (e.g. for every 1 mole of titania precursor 50 or more

5
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mole times aqueous solution is required). Ideally, between 90 to 200 mole times
is used to ensure full dissolution). (Any solvent ratio lower than 50 mole times
would not achieve the advantageous results of the present invention).

In this specification, weight % (wt%) is to be construed as meaning weight

% relative to the weight of the total composition.
The chelating agent may be a carboxylic acid.

The carboxylic acid may be selected from the group consisting of formic
acid, propionic acid, butanoic acid and acetic acid.

Preferably, the carboxylic acid is acetic acid. The preferred form of acetic
acid is glacial acetic acid. Where the acetic acid is selected as the chelating
agent, the preferred form is glacial acetic acid to prevent reaction between
water and the titanium alkoxide prior to the step of adding the aqueous solution.
The amount of glacial acetic acid used may be in the range 1 to 40 wt%;
preferably in the range 1 to 20%; and most preferably, in the range 2 to 10 wt%:
and with the range 12 to 18 wt% being optionalimal. '

The titanium alkoxide may be selected from the group consisting of titanium
isopropoxide, titanium ethoxide, titanium methoxide and titanium butoxide. The
preferred titanium alkoxide is titanium isopropoxide as its performance has been

clearly demonstrated to provide an effective coating solution.

The amount of titanium isopropoxide used may be in the range 4 to 15 wt
%, preferably 6 to 12 wt%.

The phosphoric acid is preferably orthophosphoric acid. Other
phosphorylating agents may be selected from the group consisting of
phosphorus pentoxide, ammonium dihydrogen phosphate and diammonium

hydrogen phosphate.
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The amount of orthophosphoric acid used may be in the range 0.0001 to 1
%, preferably in the range 0.0002 to 0.005%.

The amount of water used may be in the range 30 to 99.5 wt%, preferably
40 to 99 wt%; and most preferably, 50 to 95 wt%. (Wt% water compared to the
wt of the total composition).

The process may be carried out at a temperature between 10 and 65 °C.

In one aspect, the present teaching provides a process for making an
antimicrobial powder, the process comprising the initial step of preparing a
solution in accordance with the process described herein and then evaporating
the solvents and then annealing the residue at a temperature between 300 °C
and 1400 °C.

In a further aspect, a method of preparing an antimicrobial coating is provided,
the method comprising the step of mixing an antimicrobial powder as prepared
by the process described herein, with a coating composition.

Preferably, the coating composition comprises an aqueous solution and
the method comprises the step of phosphorylating the solution with a
phosphorylating agent. The phosphorylating agent may be selected from a
range including orthophosphoric acid, phosphorus pentoxide, ammonium
dihydrogen phosphate and diammonium hydrogen phosphate including said

derivatives.

A visible light activated antimicrobial coating composition is obtained by
the method described herein. The coating described herein can be used under
indoor lighting conditions. The antimicrobial coating composition exhibits
antimicrobial activity under visible light and in reduced light.
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The antimicrobial compositions described herein are stable at high
temperatures. Suitably, the antimicrobial coatings composition described herein

is stable at temperatures up to at 1400°C.

A method for coating a substrate is provided, the method comprising the steps
of
() depositing an antimicrobial coating solution prepared according to
the process described herein or an antimicrobial coating
composition described herein, on a substrate;
(i) drying said coating; and
exposing the coated substrate to a temperature above 300°C for a period

of time in the range 20 minutes to 30 hours.

The coated substrate may be exposed to a temperature in the range
300°C to 1400°C. Where the substrate is glass or comparable composite
material, the temperature is preferably in the range of 350°C to 700°C, most
preferably 450°C to 590°C.

In the case where the substrate is a ceramic material, the third step (iii)
may be a firing process. The temperature may be between 350-800°C for a
second firing step or the temperature may be between 500-1400°C for a firing

process having a single firing.

Suitably, the composition according to the present teaching can be applied
in liquid form to a substrate to provide a coating.
The liquid coating may be deposited by any suitable method. Suitable methods
may include but are not limited to spraying, dipping, roller, brush, electrostatic

and spin-coating.

Suitably, the present application provides an antimicrobial coating composition

comprising phosphorus-doped titanyl acetate. Advantageously, this may be in
8
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the form of a gel or a compressed tablet which may be packaged and shipped
to locations where the coating composition is be applied. The advantage being
that the coating composition may be manufactured and packaged for shipping
in relatively small amounts reducing packaging and shipping costs. A further
advantage is that the shelf life is effectively lengthened by at least several
months. At the location of the coating process, water may be added as required.
Once the water is added the phosphorus-doped titanyl acetate is hydrolysed.

In a further aspect, the present teaching provides a coated substrate comprising
an antimicrobial coating prepared by the process described herein or an
antimicrobial coating composition described herein.

The substrate may be selected from the group consisting of glass and related
composite materials, ceramics, plastic, cement and clay. Where the substrate is
glass, the glass may be, for example, a chemically strengthened glass or
tempered glass. In specific applications, the substrate may be a clay brick,

ceramic tile or element of sanitary ware.

Brief Description Of The Drawings

The present application will now be described with reference to the
accompanying drawings in which:

Figure 1 is a schematic of photocatalytic activity of a TiO2 surface:
Figure 2 is a Raman spectrum of KCS 110 @ 900°C;

Figure 3 is a Raman spectrum of KCS 110 @ 950°C;

Figure 4 is 2 Raman line-scan spectrum of KCS 110 @1000°C;
Figure 5 is a Raman imaging of KCS 110 @ 1000°C;

Figure 6 is a Raman spectrum of KCS 111 @ 700°C;

Figure 7 is a Raman spectrum of KCS 111 @ 900°C:

Figure 8 is a Raman spectrum of KCS 111 @ 950°C;

Figure 9 is a Raman spectrum via line-scan mode from KCS111 @ 1000°C;

9
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Figure 10 is an Optical micrograph (left) and Raman imaging maps of anatase
and rutile phases from the scanned red square area (right) of KCS 111 @ 1000

OC;

Figure 11 is a total average spectrum and anatase and rutile maps of KCS 111

@ 1100°C;
Figure 12 is a Raman spectrum of KCS 112 @ 900°C;
Figure 13 is a Raman spectrum of KCS 112 @ 950°C;

Figure 14 is an optical micrograph, total average spectrum, and anatase, rutile,

TPP phase Raman maps from KCS112 @ 1000°C;

Figure 15 is an optical micrograph, total average spectrum, and various phases

Raman maps of KCS 112 @ 1100 °C;

Figure 16 is an XRD spectrum of KCS 110 @700°C;
Figure 17 is an XRD spectrum of KCS 100 @ 900°C;
Figure 18 is an XRD spectrum of KCS 110 @ 950°C;
Figure 19 is an XRD spectrum of KCS 110 @ 1000°C;
Figure 20 is an XRD spectrum of KCS 110 @ 1100°C;
Figure 21 is an XRD spectrum of KCS 111 @ 700°C;
Figure 22 is an XRD spectrum of KCS 111 @ 900°C;
Figure 23 is an XRD spectrum of KCS 111 @ 950°C;
Figure 24 is an XRD spectrum of KCS 111 @ 1000°C;
Figure 25 is an XRD spectrum of KCS 111 @ 1100°C:
Figure 26 is an XRD spectrum of KCS 112 @ 700°C;
Figure 27 is an XRD spectrum of KCS 112 @ 900°C;
Figure 28 is an XRD spectrum of KCS 112 @ 950°C:
Figure 29 is an XRD spectrum of KCS 112 @ 1000°C;
Figure 30 is an XRD spectrum of KCS 112 @ 1100°C;
Figure 31 is a UV spectrum of KCS 110 @ 700°C;
Figure 32 is a UV spectrum of KCS 110 @ 900°C;
Figure 33 is a UV spectrum of KCS 111 @ 700°C;
Figure 34 is a UV spectrum of KCS 111 @ 900°C;
Figure 35 is a UV spectrum of KCS 112 @ 700°C;

10
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Figure 36 is a UV spectrum of KCS 112 @ 900°C;
Figure 37 is a UV spectrum of KCS 112 @ 900°C — extrapolated intercept of the

V absorption range into the visible range;

Figure 38 is a UV spectrum of KCS 117 @ 700°C; and
Figure 39 is a UV spectrum KCS 118 @ 700°C.

Detailed Description Of The Drawings

The present application provides an industrially viable water-based
environmentally benign, processing technology for the production of

antimicrobial coating solutions.

The P-doped anti-microbial coating solution described herein is eco-

friendly which is highly desirable. The solution used is water based and the

phosphorus doping agent is more environmentally favourable in comparison to

it's corrosive trifluoroacetic acid counterpart.

Orthophosphoric acid was chosen as the preferred phosphorus source as

it is readily available in high purity, is non-toxic, non-volatile, relatively
inexpensive and as an acid, does not introduce any cations not already present

in the sol. in the phosphorus source, such as orthophosphoric acid, is suitable

for use in the process and can be used in relatively low concentrations (in the

range of 0.0001 to 1 wt%), since losses through evaporation prior to firing will

be minimal.

The present invention will now be described with reference to the following

examples which are provided, by way of example only.

P Doping amounts

_KCs110

0.057

\\\:’

"TKes111

0.14

O 0009



KCs112 0.5 8.77 0.0033
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Table 1. P-Doping amounts

The formulation may optionally include a dispersing agent, to increase the
stability of the titanium dioxide dispersion, over and above that achieved by the
lonic double layer repulsion resulting from adsorption of the dissociated acids.
Such a dispersing agent should ideally be added to the formulation after the
hydrolysis is complete. Suitable dispersing agents include organic compounds
such as alkanes and alkene oligomers modified with multiple carboxylic acid
groups, amine groups or alcohols on side chains. Examples of suitable
dispersing agents include Disperbyk 180, Disperbyk 2060, Disperbyk 2061,
Disperbyk 2062, Disperbyk 2080, Disperbyk 2081 and Disperbyk 2205.

The five samples, logged as KCS110, KCS111,KCS112, KCS 117 and KCS
118 were prepared as follows.

Example 1

Examples 1 — 3 describe an embodiment of the invention wherein the
order of addition is as follows:

a) tetraisopropoxide

b) glacial acetic acid

¢) orthophosphoric acid (agueous) and finally

d) de-ionised water.

In an alternative embodiment a dispersing agent may be added
following the addition of de-ionised water.

KCsli10:

1. 10mL titanium tetraisopropoxide (TTIP) was placed in a polypropylene
beaker.

12



2. 19.2mL glacial acetic acid was added while stirring.

3. 0.057mL 86% orthophosphoric acid (aqueous) was added while stirring.

4. 120mL deionised water was added while stirring and the mixture stirred
for a further 40 minutes, to form a colourless, slightly hazy sol, which was
then bottled.

Example 2
KCsII1:

—

10mL TTIP was placed in a polypropylene beaker.

19.2mL glacial acetic acid was added while stirring.

0.14mL 86% orthophosphoric acid (aqueous) was added while stirring. A
small quantity of white precipitate began to form.

4. 120mL deionised water was added while stirring and the mixture stirred
for a further 40 minutes. A sol with a translucent milky white appearance
was formed and the precipitate previously formed re-dispersed, which was
then bottled.

© N

Example 3
KCSI12:

—_

10mL TTIP was placed in a polypropylene beaker.

19.2mL glacial acetic acid was added while stirring.

3. 0.5mL 86% orthophosphoric acid (aqueous) was added while stirring. A
larger quantity of white precipitate began to form than in the case of
KCS111.

4. 120mL deionised water was added while stirring and the mixture stirred

for a further 40 minutes. A sol with a translucent milky white appearance

was formed, that was denser in colour than KCS111, which was then
bottled.

N

Example 4
Example 4 describes an alternative embodiment, wherein the order of addition of
the reagents is as follows:

a) TTIP

b) Glacial acetic acid

c) De-ionised water

d) Orthophosphoric acid (aqueous)

13
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A dispersing agent may be added following the addition of orthophosphoric
acid.

KCSI117:
Orthophosphoric acid can be added after the addition of the deionised
water to the glacial acetic acid/TTIP mixture.

1. 10mL TTIP was placed in a polypropylene beaker.

2. 19.2mL glacial acetic acid was added while stirring.

3. 120mL deionised water was added while stirring and the mixture stirred
for 20 minutes. A sol with a translucent milky white appearance was formed.
4. 0.14mL 86% orthophosphoric acid (aqueous) was added while stirring. A
small quantity of white precipitate began to form. The sol was stirred for a
further 40 minutes and this precipitate re-dispersed.

Example 5

Example 5 describes an alternative embodiment, wherein the order of addition of
the reagents is as follows:

a) TTIP

b) Glacial acetic acid

¢) Orthophosphoric acid (aqueous) dissolved in de-ionised water

A dispersing agent may be added following the addition of orthophosphoric
acid.

KCsI18:
Orthophosphoric acid can be added at the same time as the addition of the
deionised water to the glacial acetic acid/TTIP mixture.

1. 10mL TTIP was placed in a polypropylene beaker.

2. 19.2mL glacial acetic acid was added while stirring and the mixture stirred
for 20 minutes.

3. 0.14mL 86% orthophosphoric acid (aqueous) was dissolved in 120mL
deionised water. This solution was added to the mixture of TTIP and glacial
acetic acid while stirring and the mixture stirred for 40 minutes. A sol with
a translucent milky white appearance was formed.

14
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Antimicrobial testing results

The purpose of the antimicrobial testing was to determine the antibacterial
activity of a photocatalytic material applied to ceramic tiles against
Staphylococcus aureus after 6 hours exposure to light as per ISO 27447:2009.

18 ceramic tiles coated with KCS116 and 24 uncoated ceramic tiles were
submitted to an independent third party for testing by Kastus Technologies. 6
coated and 9 uncoated control ceramic tiles were randomly selected for testing.

The number of viable bacteria recovered from the tiles at t = 0 and after 6
hours exposure to UV or dark conditions are expressed as colony forming units
per ml (cfu/ml). The photocatalytic antibacterial activity value after irradiation (RL)
and the photocatalytic antibacterial activity including any effect in the dark (AR)
are calculated from the logarithmic values for viable bacteria (cfu/ml) according
to the formulae in ISO 27447: 2009. These results are presented in Table 2

below.
B Mre
BURE S sonted LY B28man® i ‘ "mr,c 33 ga¥
KOS T8 ot D FENE0E %42
Uncoated Tonind L &3.‘3'&@{&:\::;@;;&?;3_‘_3' scmx-u 3.3
DasoaisaCuting, | | e "" NS ”"“’ i

Table 2. Antimicrobial testing of coated and uncoated samples
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It can be seen from the results outlined in Table 2 that there is a significant
reduction in the number of colony forming units following UV exposure observed
regarding the formulation coated sample in comparison to the control.

The log values from the Table 2 were used to calculate RL and AR, where the
Photocatalytic antibacterial activity RL = 3.46 and the Photocatalytic
antibacterial activity including any effect in the dark AR = 3.67.

Sample Preparation

The crystal structure, phase composition, and bandgap of P-doped
solution were determined by Raman spectroscopy, X-ray diffraction, and UV-Vis
spectroscopy after heating to 700°C, 900°C, 950°C, 1000°C and 1100°C.

Powders were prepared from each sol by heating samples of
approximately 20 mL to 200°C on a hotplate. The dried residue was then
heated at a rate of 10°C per minute to the target temperature, held for 1 hour
and then allowed to cool naturally to room temperature.

Analysis and Results:

Raman Spectroscopy

As stated in the background, in order for a TiO2 surface to be
photocatalytic, it must be in the Anatase or Brookite phase (more commonly
Anatase). Therefore, the factor which limits the temperature range for firing of a
TiOz solution, is the temperature at which it will still have enough Anatase
present to be a functional photocatalyst. This transition from Anatase to Rutile is
also time dependent, however, if time is kept constant across all quality checks,
then a comparison can be built up between the abilities of the F-doped and P-
doped solutions to maintain Anatase at high temperatures.

Samples of the different levels of P-doping were converted to powder form

by calcination at various temperatures. These samples were then examined by
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Raman Spectroscopy to determine the presence of Anatase, Rutile and
Brookite in them.

The Raman measurements were carried out using a laser with excitation
wavelength of 532nm (700-800nm sampling depth). The spectra were recorded
in two modes, namely line scan and image scan. In the line scan mode, 30
points across a line with integration time of 15s were measured across several
areas of the powdered specimen. For Raman imaging, 3600 spectra were
averaged in the chosen areas across the sample. This comprehensive Raman
sampling ensured the obtained spectra are representative of the powder sample

characteristics.

Summary of Raman Results

For reference, the Raman peak position of three natural TiOz polymorphs
has been tabulated and shown in Table 3. It is noted that in each crystal phase,
there is a strong Raman peak which is indicative of the presence of that TiO2
crystal phase in the sample. If that peak is observed, then other peaks can be
assigned accordingly; otherwise, assigning unknown peaks that appear at the
wavenumbers close to the values shown in Table 3 to a particular titania crystal

phase is incorrect.

17
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The Raman spectrum of Figure 2 was recorded from a sample fired at
900°C. The most prominent Raman band is the peak at 143.2 cm™ that is
confidently assigned to the Anatase £4 Raman mode. The other Raman peak
observed in the spectrum are also assigned to various other Raman modes of
Anatase which appear with less intensity.

The spectrum of Figure 3 was recorded from a sample fired at 950°C but
cooled in a furnace with faster cooling rate in comparison to the previous
specimen. The A refers to Anatase and R denoted Rutile phase in the
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spectrum. One can notice that faster cooling rate results in higher fraction of
Rutile which could be due to the fact that Anatase is an elongated structure, so
the atoms need more time for diffusion along the c axis of the crystal.

Figure 4 shows_a line scan spectrum averaged over 30 points of data
acquisition, showing similar bands to the previous spectrum. One can note that
even at 1000°C there is still Anatase detectable in the specimen. To further
analyse the distribution of anatase and its fraction, Raman imaging was carried
out whose results are shown in Figure 5. The results confirm that Anatase is

present in satisfactory quantity over the surface.

Figure 6 shows the line scan averaged spectrum of specimen fired at
700°C. As expected, the only detectable Raman peaks are related to Anatase
phase, comprising %100 of the specimen.

Figure 7 displays the averaged Raman line-scan spectrum of 900°C,
clearly showing presence of Anatase phase in the specimen. The very weak
almost negligible peaks at ~796 cm-' and cm-1>1000 are attributed to titanium
phosphate phases.

Figure 8 shows the Raman spectrum of 950°C sample averaged over 30
points in a line-scan. The spectrum only consists of Anatase peaks, implying
one-phase nature of this sample.

Figure 9 shows the average spectrum of 1000°C specimen, showing a
mixed-phase nature. The medium and strong peaks are assigned as (left to
right): 143.1 to Anatase, 234.9 to Rutile, 447.7 to Rutile, 611.3 to Rutile. The
peaks at 720 and ~1036 are attributed to titanium phosphate phases.
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Figure 10 shows the optical microscope image (left) and the scanned area
(red square) and the corresponding Raman imaging maps of Anatase and
Rutile phases. '

Figure 11 shows the optical microscope image, total average spectrum,
and corresponding Anatase and Rutile maps of the red square marked in the
green image. These results suggest that even at a temperature as high as
1100°C, there is still noticeable amount of Anatase present in the specimen.

Figure 12 displays the Raman spectrum of sample averaged over 30
points line-scan acquisitions. The spectrum consists of strong representative
Anatase peaks and some weak peaks at wavenumbers > 1000 cm-! which are
assigned to Ti phosphate phases. The same behaviour was observed in the
case of specimen fired at 950°C (see Figure 13).

Figure 14 shows the Raman imaging results from the 1000°C sample. The
main point to note is the strong Anatase signal and the titanyl pyrophosphate
(TPP) phase. This implies that a higher P content in the sol results in
stabilisation of Anatase, while the fraction of TPP phase also increases.

Figure 15 shows the Raman imaging results of sample fired at 1100°C.
While Rutile makes up the matrix phase of specimen, it is interesting to see that
Anatase is still present at such a high temperature. One difference to note is the
intensity of TPP phase that has increased in this sample, possibly due to the
higher energy input in the system to overcome the energy barrier needed to
form TPP phases. Since TPP can act as photocatalyst itself, the overall
photocatalytic performance of the system is expected to improve.
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X-ray Diffractometry (XRD) Results:

KCsl10

KCS110 consisted entirely of anatase at 700°C (Figure 16) and 900°C
(Figure 17), while at 950°C (Figure 18), the majority phase was rutile. A small
minority of anatase was present at 1000°C (Figure 19) and at 1100°C (Figure
20), the only phase detected was rutile. The peak resolution increased between
700°C and 900°C. It is not clear whether this was due to the elimination of a
small quantity of residual amorphous material, or reduced peak spreading
caused by grain growth.

KCsII1

As was the case with KCS110, KCS111 was composed éntirely of anatase
at 700°C (Figure 21) and 900°C (Figure 22), but at 950°C (Figure 23), anatase
remained the majority component, with only a small proportion of rutile, in
approximately the reverse proportion to that seen in KCS110. After heating to
1000°C (Figure 24), only a small fraction of anatase remains and at 1100°C
(Figure 25), the sample is entirely rutile.

KCsl12

After heating to 700°C (Figure 26), KCS112 appears to be composed of
anatase, but the spectrum shows substantially more peak spreading than was
the case for KCS110 or KCS111. After heating to 900°C (Figure 27), associated
with the anatase structure are more clearly defined, but a second phase is
clearly present. It has not yet been established whether this is a phosphorus
oxide, or a titanium phosphate. At 950°C (Figure 28), the spectrum continues to
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evolve, with peaks consistent with a composition containing at least three
phases, anatase, rutile and the third phase that was appearing at 900°C.

At 1000°C (Figure 29), the spectrum is overly complex. A multitude of
peaks, many of which were not present at 950°C, indicates that as well as rutile
and a small fraction of anatase, there are at least two other phases present.
Given the composition of the powder, it is reasonable to postulate that these are
a mixture of titanium phosphates. After heating to 1100°C (Figure 30), the
spectrum is simpler again, with peaké indicating that the sample contains only
rutile and one or more titanium phosphates, distinct from the phase that formed
at 900°C.

UV-Visible Spectroscopy and band gap calculations

~ Samples were prepared for UV-visible spectroscopy, by mixing
approximately 1% of the powders calcined at 700°C and 900°C in dry
potassium bromide, grinding to a fine powder and pressing into discs in a 13mm
pellet die. Spectra (Figures 31 — 37) were collected in transmission mode over a
range of 600nm to 250nm, using a Shimadzu 1800 spectrophotometer. Spectra
were plotted as a function of absorbance against wavelength and band gap
energies were calculated by fitting tangents to the high transparency part of the
spectrum in visible wavelengths and the range over which the material
underwent a transition from transparent to opaque. The wavelength A, at the
intersection of the two tangents was taken as the onset of the transition from
transparent to opaque and the band gap energy calculated from the formula
e=A1236, where 1236=hc.

22



5

Results are given in the Table 4 below.

Temp KCS110 KCS111 KCs112 KCS117 KCS118
{*c
Absorptio Band Absorptio Band Absorptio Band Absorptio Band Absorptio Band
nedge gap n edge gap n edge gap nedge gap nedge gap
wavelengt | energ | wavelengt | energ wavelengt | energ wavelengt | energ | wavelengt energ
h nm y eV h nm y eV hnm y eV hnm yev h nm y eV
700°C 397.88 3.11 397.03 3.11 396.28 3.12 394.38 3.13 385.01 3.21
900°C 397.73 3.11 393.05 3.15 364.05 3.40
* KCS5112 showed a spectrum in which the *428.77 %2.89

absorbance increased-by approximately 0.4 over a
range of 20nm, then continued to increase smoothly
and gradually in the UV range. This value is the
extrapolated intercept of this UV absorption range
into the visible range.

Table 4. UV-Visible Spectroscopy and band gap calculations

The words comprises/comprising when used in this specification are to
specify the presence of stated features, integers, steps or components but does
not preclude the presence or addition of one or more other features, integers,
steps, components or groups thereof.
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Claims

1. A process for the preparation of an antimicrobial coating solution, the
process comprising the steps of:
(i) mixing a chelating agent with a titanium alkoxide and a phosphorylating
agent; and
(i) adding an aqueous solution to the mixture formed from step (i).

2. A process according to claim 1, wherein the aqueous solution is added in
step (i) and the phosphorylating agent is added in step (ii)

3. A process according to claim 1, wherein the aqueous solution and the
phosphorylating agent are added in step (i)

4. A process according to claims 1 - 3, wherein the chelating agent is a
carboxylic acid.

5. A process according to claim 4, wherein the carboxylic acid is selected from
the group consisting of formic acid, propionic acid, butanoic acid and acetic

acid.

6. A process according to claim 5, wherein the carboxylic acid is acetic acid.

7. A process according to claim 6, wherein the acetic acid is in the form of

glacial acetic acid.

8. A process according to claim 7, wherein the amount of glacial acetic acid
used is in the range 1 to 40 wt%, preferably in the range 1 to 20% and most
preferably, in the range 2 to 10 wt%.

9. A process according to claims 1 - 3, wherein the titanium alkoxide is

selected from the group consisting of titanium isopropoxide, titanium

ethoxide, titanium methoxide and titanium butoxide.
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10. A process according to claim 9, wherein the titanium alkoxide is titanium
isopropoxide.

11. A process according to claim 10, wherein the amount of titanium
isopropoxide used is in the range 4 to 15 wt %, preferably 6 to 12 wt%.

12. A process according to claims 1 - 3, wherein the phosphorylating agent is
selected from the group consisting of orthophosphoric acid, phosphorus
pentoxide, ammonium dihydrogen phosphate and diammonium hydrogen
phosphate. '

13. A process according to claim 12, wherein the phosphorylating agent is
orthophosphoric acid.
14. A process according to claim 13, wherein the amount of
orthophosphoric acid used is in the range in the range 0.0001 to 1 wt%,
preferably in the range 0002 to 0.005 wt% .

15. A process according to claims 1 - 3, wherein the amount of water in the
solution is at least 30% by wt.

16. A process according to claim 15, wherein the amount of water used is in the
range 30 wt% to 99.5 wt%, preferably, in the range 40 wt% to 99 wt%: and
most preferably, 50 to 95 wt%.

17. A process according to claim 15, wherein the aqueous solution comprises

an organic solvent.

18. A process according to 15, wherein the agueous solution comprises only
water.

19. A process according to claim 15, wherein the organic solvent in the

aqueous solution is in the range of 0 — 20% by weight.
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20. A process for the preparation of an antimicrobial coating solution according
to any preceding claim, comprising the step of, after step (i) as recited in claims
1 =3, (iii) the addition of a dispersing agent.

21. A process according to claim 20, wherein the dispersing agent is selected
from one or more of the group comprising: Disperbyk 180, Disperbyk 2060,
Disperbyk 2061, Disperbyk 2062, Disperbyk 2080, Disperbyk 2081 and
Disperbyk 2205.

22. A process according to any preceding claim, wherein the process is carried
out at a temperature between 10 and 65 °C.

23. A process for making an antimicrobial powder comprising the initial step of
preparing a solution in accordance with any preceding claim, evaporating the
solvents from the solution and then annealing the residue at a temperature
between 300 °C and 1400 °C.

24. A method of preparing an antimicrobial coating composition comprising the

step of mixing an antimicrobial powder as prepared by the process of claim 23

with a coating solution as prepared by the process of claims 1, 2 or 3.

25. An antimicrobial coating composition obtained by the method according to

claim 24, wherein the coating composition is UV and visible light activated.

26. An antimicrobial coating composition according to claim 25 which exhibits
antimicrobial activity under both UV and visible light and in reduced light.

27. An antimicrobial coating composition according to claim 26, which is stable

at temperatures up t01400 °C.
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28. An antimicrobial coating composition comprising a hydrolysed phosphorus-
sol.

29. An antimicrobial coating comprising a transparent phosphorus-doped titania
coating.

30. An antimicrobial coating composition comprising phosphorus-doped titanyl
acetate.

31. An antimicrobial coating composition according to claim 30 wherein the
phosphorus-doped titanyl acetate is hydrolysed.

32. A method for coating a substrate, the method comprising the steps of
(i) depositing an antimicrobial coating solution prepared according to
the process of any one of claims 1 to 23 or an antimicrobial
coating composition according to any one of claims 25 to 27, on a
substrate;
(i) drying said coating; and
(i)  exposing the coated substrate to a temperature above 300°C for a
pericd of time in the range 20 minutes to 30 hours.
1.
33. A method according to claim 32, wherein the coated substrate is exposed to
a temperature in the range 300°C t01400°C, preferably 350°C to 1100°C.

34. A method according to any one of claims 1 to 24, wherein the mixture from
step (i) is stored prior to the execution of step (ii).

35.A method according to claim 34, wherein the step of storing comprises

packaging the mixture for transport.
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36. A method according to any one of claims 1 to 24 wherein the coating is
deposited by a method selected from the group consisting of spraying, dipping,
roller, brush, electrostatic and spin-coating.

37. A coated substrate comprising an antimicrobial coating prepared by the
process according to any one of claims 1 to 23 or an antimicrobial coating

composition according to any one of claims 24 to 26.
38. A coated substrate according to claim 37, wherein the substrate is selected
from the group consisting of glass and related composite materials, ceramics,

plastic, cement and clay.

39. A coated substrate according to claim 38, wherein the substrate comprises

a metal, optionally stainless steel or aluminium or an alloy thereof.

40. A process for the preparation of an antimicrobial coating composition
substantially as hereinbefore described and/or exemplified.

41. An antimicrobial coating composition substantially as hereinbefore

described and/or exemplified.

42. A coated substrate substantially as hereinbefore described and/or

exemplified.
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Abstract

P-doped surface coatings and process of preparation thereof

A process for the preparation of an antimicrobial P-doped coating solution
is described. The process for the preparation of the antimicrobial coating
solution uses non-volatile and non-oxidising phosphoric acid. The antimicrobial
coatings are active in both the UV and visible light spectrum.

29



Cﬂndﬁmen hand

R
{stuperoxide anions}

§ Ei-@ mmxc mmaad

@

T OHT {mmsturg inain) |

\ gﬁsnwm eRctrons

{hwmx:ggnadzca;s}

Figure 1
ISR
2
£t
D i
B
=
i
83
08-.
et
g T i P I
: baper SO ESE
g : i §
00
hi L
. E\“,.a"" N o sairmmitis ;"-v._.....«' it “V"'.""MW
0 100 200 300 400 00 600 700 800 B0D 1000
il 1iem

Figure 2




T L P e L L
100 200 300 400 500 600 700 800 900 1000 1100

Figure 3

Y Y Y
f it
3
% i 4
3 { i | il
§ ‘ ‘
S \} X 1
B Y i 3.5
b (t ) ; i
NV \«M
it f % sa) ”
G o ~ WM"&—'“

160 200 WO 0O 08 0D TOR BN SO0 WO 1160

Figure 4

Amap i RN

Figure 5



FEaEIL
- S A :
o 280 AR s

L gl 3 L D :
' & apeT 200 800 400 500 SU0 780 A0 G0n
¥ R s )

S amantsea

Gl h AR ey
09, 3o B W0 800 86U 00

assissn

227

A
1

e
&

e

Ay RN

Fo4

3
3

W 5005 GBI

$9%4

s
1

3 =
T e
L AR AR

Qo e

Figure 8



4474 8113
3 R @i
& i
8 :
E.
) ‘ 8 * kD x Sl N £ o _x, I‘ < i S _l i
100 200 300 400 S50 600 70D 500 900 1000 1460
Reman Shiftfony’)
Figure 9

N Rutitle N Anatase




Figure 11

3

e AT v e
OGN GO SOFH0 AHG SN0 ool

S

R
AR

Figure 12




g 08 208 &O0 409 500 800 70D RO 00 40nn

Rl e

Figure 13

]
o+
&
3
3
i
B
3
3
3
o,
§ A S
B s e iR N AN KRR S s S n s
> > 3 3
3 :

TOR: titanyt pyrophosphate




\if

S
R
¥

B IS ARGy 366

S red
s,

¥

s

16D 206N AGS SDOT MG .20

Figure 15

adc

XRDOKCS1107

ARy

1 &
A,
: &W

: : : : Lty w\M
........... HERREE ............ fsenueenis D t\\w\\

Gttty

W
7

: ; 7

. : s\\\.&ﬁuﬁ\\\ :

: : : i Dy

I — — R A S m
: : : : : : Z

: : \\\
¥ \\\\N.“\\Nm\\“\-u\“\ i
LI 2105011011,

S

&

: : : : R
1 i : R e,

“%y

SRR

it

; pirs
m R\\\\\n.\\we\\o\\\\#\

(%] o L7 ] [ e [oe}
Q o3 e (=] o] o
S i i 5 15 e

SN

3}

v
N
2o

degre

3
-

]

&

h

w

Twa



KCS110 200C

.

XRD

Q\\\\\\&\\ \q\\s\\\
\\\\\\\.&mw..os\\

\\\\\\\\\\\\V\&\k.\\ % \..m-,

\\\\\\W

‘Q\\\\k\\e.\m\\

Y

\”.\\\\\\\\\\\\V\\N\\\\(.\\N\\\\\\\\\\N\\\\\t\\\\\\\\\\

w\i\\\\t\b

% oo )
5 & 8B 8 83
[ e oz (Ls] w5
E v

SINDD

]
«

Two theta {degrees)

Figure 17

XRD: KC3110 850C

L]
........................................................... W“ 2
: \
oo
R
\s\\\.«\\h\sn e
m.a\\.\\\\
\\\\\\\\\
.
4 3
...... =
i\\\.&,.\%«h&
t\h\\\\\\\\\v\\\ﬁ\\\.ﬁ.§ \.\.“R\n\\“
L]
v [¥51
y
A

\\\\\v\”\u\\\\\\\\gﬁ\w

‘ﬁ.&.\«\ “

W t\\\\w‘
: \\\\

el
(22
= > 5L G o O
2 8 8 8 82 8 g
L = R S S S S
i T Eadl

SILNOD

Two theta {degreas)

Figure 18



0 1006C

-

K51

XRD

S T -

My

e

\.\\\‘ \\\
e\\u%&.“

n
t.\\\\\\\\\\.\mW
\\\\\S\\\\\\\\\\\\\\\\\\\\\\\\\\ \ﬁﬂ»ﬂ¢

R

W q\\\\m :

: S\\x\\\\\\.&S“\AM

e\

s.\.m\\\.o.\...\\..vi\v.\\\%. \%\\\‘“

\\E\M\ m

>

7
\\\\“&Q\\\.‘\\ \\

k4

\\\\\

200

S1UND

Iy

\\\\\\\\\\\\\\\.\\\\\\\X\ .Q\ \\\\

e -

Two theta {degraes)
Two theta {degrees)

42

XRD: KCS110 1100C

Q\\\\W\\\\\\\EN.\\.\\‘\\\Y\“\N

30

]

1400
120

8

406

-~

Figure 19
106
Figure 20



R

N

&

‘ \\“

KC3111 700C

.

XRD

o
i

~

Two thas

KC5111 200C

ARD

Figure 21

i &ww i
\k\\\\\\k\\\\\\&\ H

: s
: _.\\.\\\\\ \&

Y

ws\~\§\§\~§\§\\\\\\\\.\\\\\\\\&&\ﬁﬁw

[ v oo S oo B #o S & TN v T oo B <o I o B o |
[ v S i S i T e S s T i T s O i}
80 M <% 0 66 S <F ot
[ I I T S

SILIGH

0

Two theta {degrees)
1

s

-~

™

Figure 22



P

&
‘\\%\“\W Z
4
R AR =
g 5 A
s \\\\\\\‘“.u\.n\%.. &~
: T\\\\“”
ottty i
‘ 4 H
y Q =
(=] (25
F
m o 7 ey
€3 : kﬁ & {2 ; .Q\\\\.&N.N\m %
H a.\\\\\\\ 3 = g3
<3 .\\\\..v\.%‘\\%n 3 Mu»b w \\\\Q\\\\\k\\\\\\\\v\\*\\\%&\ \\““.\\Q w..r....,..
5% 3 )
o e ! i o
ot Wom g w un
: a~$§§§§§»\\n : = i s =
v : % i e=d : 1]
- : i £ : 45
2o 1 . -+
1] G Ly :\\&w o
o4 3 : * >
=, s C % b %
b 7 - e *ﬁ\\\\m\.\t&“\\ b=
: . i cE i
\ H £ ¥
o "«\\\\\\\_.\\\ \\ o D : \\Nm H
: e i ;
52 : Sw\ m \\\\\\\\\.Q\Q\sﬁ\v\\\\«“n\\\\ :
o= N [e=]
: @A \m s
: .\\\H\a\ : R““\Mn“wa\ H
%\e“&ﬁw\\w\o\\u“ 7 ; _W\\%\\.,&“W
) . Lo
™ 3
B~ - B A O = @ RS
&5 & & & [ S o T Y (o] P T i S S o SR S o T S S
L=} L5 Las] 23 (el <r 4 T I A o T < S R Vo R S |
EE| ~ - m vt wd et
S 3J SIUNGH
D
L

11



80

A
\\\&\\n\\\n £

m £
A
3 ‘\\\\\».

x\\\”sN\\N.\.\\\Wn m..\_.-
: i

; 3 ; : %
.\\\\.\\\\\\\%\\\\\\\\\.\\\\%ﬁn«n&\\wﬂ :

uy : y nn.N :z.un
i \\\....\\\\\ e B
\\a.\k\:.\\.« @

{7y

KCS1411 1106C
&
Two thata {degraes)

: a.\\\\w\\\\hww o3

R Y

»
.

A

m %\\\\\ﬁw\

ARD: KC8112 700C

XRD

§1

1
5

- i Pt N =

H . : x ﬂln-

\N o : : 3 : L
%\\\ﬁw : :
: R &“\«“\\u ;
3 : :

& : ; 3

: (8]

v
256G

SIUNG

2

1

Figure 26



KCS112 8060

.
.

XRD

1600

................................... o
¢
gl O @
t P [
\\%m
L T I . - =)
o ; 5
L 4 g ! . .
ol E & e B
g o H = g
i & % i 4 b
5 )
oo L NI N S N P
H Pows o as 3 Z o 3
: : i o
i & P s T
: i z i ] : o
g O G
= =
= > -
2 bty RO, T
<5 oy \\\‘ =
ye L
i a iy
= S U SRS S . SN N <
(O] s
§§\\N 3 : : : i :
z : : : : ; S H 3 ; ; s e
0 oot MQ§\\\\\\\\.m\m\\\\\§\\\\\m\%\\\\\\\\§<\\§m..\\\nn\\.xe :
L ie?
s T [
o~ [
[ R & T = S Y < S S~ P~ & =) = T S B ]
QD8 B oo HoS N bl o &5 & o &5
<X N O =3 (e w5 =~ o] (75 (& (g o 1
LE I B m &% o~ 3 - 3
SHINGD 3 SIS
D
LL

3

1

Figure 28



3 i g . .\)
M.\\\\\\\h-\\..e\h.\\.\\\s.\w“““\\\n\#.

i £
e,

KLS112 1006C

XRD

: 3 : Yy, L
Q\\\\.\\\§§“&Rum‘. :

it
..\w\\\\.“. :

i

; ; gy G
.\\,.\\\%.\\\\\\unmm..w@\s&. :
: : s %. @» :

ol ] [ T 4 ] (%] Lo

804%
{
40
0

a{y
&
i
0

o0
«

[}
i~

&0

58

46

343

Y

0N

CEe

{degre

¢

Fwe theta

ARD: KCS112 1100C

s\\\\\M\\\\‘f\\\“\\\\\\xﬁ\m\n\\\\\.\\\m\\\\\\&vt\\\\\\\\.:.

.\s\\V\\\\\\sﬂwﬁ\\%&“ﬂ&

L T o

SN0

iy,

T 4
et

LA
%,

4
R

...\\\»,\\\\ww

iy

¥

“, i
wa

S

w\\\\\\. n

: egl?

i

N

H “
QNN‘\\\.\ %

o
oG

70

L]
(5

Two theta {degrees)

Figure 30

14



intercept @ 387.58mm

‘band gap =
!\\MN‘.\;“‘

“““-\.. ¥
S

KOS 110 @ 000

Figure 32
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