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Abstract: Mechanically robust photocatalytic titanium oxide coatings can be deposited using reactive
magnetron sputtering. In this article, we investigate the effect of doping on the activity of reactively
sputtered TiO,. Silver, copper and stainless steel targets were used to co-deposit the dopants.
The films were characterised using XRD, SEM and EDX. Adhesion and mechanical properties were
evaluated using scratch testing and nano-indentation, respectively, and confirmed that the coatings
had excellent adhesion to the stainless steel substrate. All coatings showed superhydrophilicity
under UV irradiation. A methylene blue degradation test was used to assess their photocatalytic
activity and showed all coatings to be photoactive to varying degrees, dependent upon the dopant,
its concentration and the resulting coating structure. The results demonstrated that copper doping at
low concentrations resulted in the coatings with the highest photocatalytic activity under both UV
and fluorescent light irradiation.
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1. Introduction

Titanium dioxide (TiO,) is a widely investigated, semi-conducting metal oxide photocatalyst
which is active under ultraviolet irradiation due to its band gap of 3.0-3.2 eV [1]. Several studies
have been carried out to investigate the effect of the crystal structure of TiO, on its photocatalytic
performance. Some of these studies have found a higher activity in the anatase form [2,3] whilst
others have reported the mixed-phase anatase/rutile to have a better photocatalytic performance [4].
Comparative studies of single-phase anatase and rutile TiO; have concluded that the photocatalytic
activity is dependent on the reaction being studied and different kinetics and intermediaries may be
produced in each case [5,6].

Applications of TiO, as a photocatalyst range from direct water splitting to create hydrogen [7-9]
to water purification and remediation [10] and self-cleaning, as well as in anti-microbial surfaces
for glass [11,12], textiles [13], the food industry [14,15] and medical devices [16]. Whilst in some
applications, the surface of interest is placed outdoors and can be illuminated and activated by the UV
radiation from sunlight, surface activation by visible light is preferred both for indoor applications and
in order to maximise the effectiveness of sunlight (UV only accounts for 4% of the sunlight spectrum).
Reducing the band gap of TiO; through doping can enhance its activity under both UV and visible
light irradiation [17,18]. Several metallic and non-metallic dopants have been used. Low doping
with silver [19], copper [20,21] and iron [22] have been reported to enhance the photocatalytic activity
of TiOz.

For application in food and beverage processing equipment and medical devices, TiO, with good
mechanical and chemical resistance is required. Magnetron sputtering can be used to deposit coatings
with superior mechanical resistance compared with, for example, sol-gel coatings [23,24]. However,
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there have been reports that the deposition rate of magnetron-sputtered coatings is slow and that the
as-deposited coatings are amorphous (or have low crystallinity) and require heat treatment to become
photoactive [25].

In our previous studies [24,26], we presented the potential of closed-field, unbalanced magnetron
sputtering (CFUBMS) for the production of photocatalytic TiO, and Ag-doped TiO; coatings at a high
deposition rate. In this work, we attempted to improve the photocatalytic activity of the coatings
through the use of other dopants and to gain a better understanding of the effect of the coating structure
on its activity.

2. Materials and Methods

2.1. Preparation of Coated Surfaces

TiO, and doped TiO; coatings were deposited using reactive magnetron sputtering in a Teer
Coatings UDP 450 coating system (Teer Coatings, Droitwich, UK). A schematic representation of the
coating system is shown in Figure 1. Two titanium targets (99.5% purity) were used for the deposition
of TiO;. Argon (99.998% purity) was used as the working gas and oxygen (99.5% purity) as the
reactive gas. Ag, Cu and grade 316 stainless steel targets were used as dopants, the latter obviously
providing mixed metallic dopants, primarily Fe, Cr and Ni, with other minor constituents, but still
maintaining a high sputtering rate as a non-ferromagnetic material. Advanced Energy Pinnacle Plus
pulsed DC power supplies were used to power the substrate and the titanium magnetrons and an
Advanced Energy DC power supply was applied to the dopant material’s target. The substrate
materials were grade 304 stainless steel plaques with a 2B finish (20 mm x 10 mm). All substrates
were ultrasonically cleaned in acetone prior to loading in the deposition chamber to remove surface
contaminants. The substrates were aligned on a flat plate parallel to the surface of the metal targets at
a distance of 150 mm from the target plane and rotated at a speed of 10 rpm.

Substrate holder,

To turbo pump
. pulsed DC biased

Gas entry

/7

Magnetron

Figure 1. Schematic representation of the coating process.

The substrates were ion-cleaned for a period of 20 min prior to the coating deposition using a
pulsed-DC bias voltage of —400 V (77.5% duty cycle) and a low current of 0.2-0.35 A on the targets.
The coatings were deposited at a pulsed-DC bias voltage of —40 V. The partial pressure of oxygen
was controlled using an optical emission monitor and was set to 25% of the pure metallic emission
line’s original intensity to obtain stoichiometric TiO,. The deposition time was 60 min for all coatings.
Table 1 shows the magnetron target currents used for the deposition of coatings.
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Table 1. Target currents used for the deposition of coatings.

Coating Ti (A) Dopant (A)
Ti 2x6 -
Ti-Agl 2x6 0.5
Ti-Ag2 2x6 0.7
Ti-Stl 2x6 0.5
Ti-St2 2x6 0.7
Ti-Cul 2 x6 0.5
Ti-Cu2 2x6 0.7

2.2. Heat Treatment

Heat treatment was carried out in air at 600 °C in a Prometheus Kiln for 30 min after which the
coated samples were taken out of the kiln and allowed to cool to room temperature.

2.3. Coating Characterisation

Coating thickness was assessed using the ball crater taper section method (ASTM standard
E1182-93 [27] and [28]) on coated substrates. Three measurements were taken for each sample and the
average values are reported. Adhesion of the as-deposited and annealed coatings was evaluated using
a Teer Coatings ST3001 Scratch Tester (Teer Coatings, Droitwich, UK) [29]. A 200 pm radius conical
diamond indenter was used and the coated samples underwent a progressive load of 10-40 N at a rate
of 10 N min~! and velocity of 10 mm min~!. The scratch tracks were investigated using SEM in order
to detect any flaking.

SEM (Cambridge Stereoscan 200, Cambridge Instruments Ltd., Cambridge, UK) was used
to investigate the morphology of the coatings. An acceleration voltage of 15 kV was utilised.
The compositional analysis of the doped coatings was performed using EDX at a minimum of five
locations and was reported as the mean +2c¢.

Hardness measurements were performed on films deposited onto stainless steel substrate using a
Fischerscope™ HM2000 micro-indentation system (Helmut Fischer GmbH, Sindelfingen, Germany).
Tests were carried out with a Vickers diamond indenter with loads from 0.4 to 10 mN. During the
penetration of the test surface by the indenter under load, hardness can be determined from the
resultant load vs indentation depth curve (loading/unloading) which gives the value of composite
hardness (comprising effects from both the coating and the substrate). The hardness reported here is
the plastic hardness, HUplast, which is based on the lasting indentation after unloading. At least five
indentation cycles were performed to create a mean value graph from which the value of hardness
was calculated.

Advancing drop contact angle measurements with water were carried out at room temperature
using a contact angle measuring instrument. At least six measurements were taken for each surface
and the reported values are mean +20.

X-ray diffraction (XRD) (Bruker D8 Advance X-ray Diffractometer, Bruker AXS, Karlsruhe,
Germany) was used to evaluate the crystal structure of the coatings. XRD measurements were
performed using a Cu Ko radiation (A = 0.154 nm) in 26 steps of 0.014°, and a low scan speed
of 0.01°-s7 1.

2.4. Photocatalytic Properties

The photocatalytic activities of the coatings were analysed using the methylene blue (MB)
degradation assay under UV and fluorescent light sources [30]. In brief, MB solutions were made
up to an initial concentration of 0.0105 mMol L~!. Photocatalytic surfaces were placed in 10 mL of
the MB solution stirred using a magnetic stirrer at a rate of 120 rpm and irradiated at an integrated
power flux of 40 W/m? with two 15 W UV lamps (365 nm wavelength). Tests were also carried out
using two 15 W fluorescent tubes in place of the UV tubes to simulate typical lighting environments.
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The integrated power flux to the coatings with the fluorescent tubes was 64 W/ m?, of which the UV
component (300-400 nm) was 13 W/ m?2. A 10 cm distance between the light source and MB solution
was used. Absorption spectra were taken from the solution at 10 min intervals using an HR2000+
Ocean Optics spectrophotometer and the absorption peak at 650-668 nm was monitored over a period
of 2 h. Figure 2 shows the setup used for the evaluation of methylene blue degradation using the
coated surfaces.

UV or fluorescent
lighting

To the light
source

To the Magnetic stirrer
spectrophotometer

Figure 2. The experimental setup for the evaluation of MB degradation in the presence of
coated surfaces.

According to the Lambert-Beer law, the concentration of dye is proportional to the absorbance
value:
A=ed @

where A is absorbance, ¢ is the molar absorbance coefficient; [ is the optical length of the cell where the
photocatalyst is immersed into MB.
The photocatalytic decomposition of MB was approximated to first-order kinetics, as shown in
the equation:
In(Cy/C) = kst 2)

where Cy and C are the concentrations of MB solution at time 0 and time t of the experiment,
respectively.

Since the absorbance decay is proportional to the concentration decay, the first-order rate constant,
k; can be found from the slope of the plot In(Ay/A) against time. The rate constant should be
normalised to take into account both the volume of the MB solution and the surface area of the
substrate. The surface normalised rate constant, k” was calculated by multiplying k, with the reactor
volume to catalyst area ratio [31].

3. Results and Discussion

Silver, copper and iron (as the main constituents of 316 steel) were selected as dopants for TiO,
and were co-deposited with titanium at two levels. As iron is ferromagnetic and hence difficult to
sputter using magnetron sputtering and because one of the primary aims of this study was to deposit
industrially scalable and economical coatings, a stainless steel target was used as the source of iron.
Deposition times were adjusted to obtain coatings with a thickness of around 2 um. The relative
concentrations of titanium and dopant in the coatings were measured using EDX. It was not possible
to measure the oxygen content in the coatings accurately using EDX. Table 2 shows the relative
concentration of titanium and dopant in the coating, as well as its thickness and plastic hardness. Silver
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doping of TiO, reduced its hardness whilst the addition of copper and low doping levels of stainless

steel increased it.

Table 2. Composition and mechanical properties of the coatings.

Coating Ti (at.%) Dopant (at.%) Thickness (um) HU (GPa)
TiO, 100.0 0.0 2.0 7.6 £0.1
Ti-Agl 96.4+ 1.0 3.6+1.0 2.0 70+1.1
Ti-Ag2 943 +18 57+18 2.1 6.9+£0.6
Ti-Cul 99.3 0.7 1.9 87+0.3
Ti-Cu2 88.4 11.6 2.1 92405
Ti-Stl N/A* N/A* 2.3 10.3 £ 0.9
Ti-St2 N/A* N/A* 24 72+04

* It was not possible to measure the concentration of the dopant in stainless steel-doped coatings as the EDX

peak from the dopant could not be separated from that of the substrate.

SEM was used to analyse the surface topography (Figure 3) and XRD to analyse the microstructure
(Figure 4) of the as-deposited coatings. All coatings were crystalline but the crystal structure and
orientation were affected by the dopant type and content. Un-doped TiO, showed several anatase
peaks with (101) having the highest intensity. The addition of silver reduced the intensity of the (101)
peak as well as the (004), (105) and (211) peaks but the coatings remained in anatase.

Figure 3. SEM images of the surface of coatings: (a) Ti; (b) Ti-Ag1; (c) Ti-Ag2; (d) Ti-Cul; (e) Ti-Cu2;

(f) Ti-St1; and (g) Ti-St2.
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Figure 4. XRD patterns of as-deposited TiO, and doped TiO, coatings.

The addition of a small amount of copper did not change the structure of TiO; significantly but
further Cu resulted in the (101) peak disappearing and the occurrence of a strong peak at 38°, which
could be a result of the TiO, (112) orientation or also the appearance of the CuO (111) orientation.
Coating with low concentrations of stainless steel dopants had a mixed anatase (112) and rutile (110)
structure. The addition of higher concentrations of dopant resulted in the disappearance of the rutile
peak and changed the crystal structure to anatase with (101) and (112) orientation. The magnified
(101) anatase peak for TiO, and doped TiO; coatings is shown in Figure 5. A small broadening and

shifting of this peak is seen in the doped coatings, indicating the distortion of the crystal lattice by
these dopants.

Intensity (arb. Unit)

Ti-Agl

TiO,

24.0 24.5 25.0 255 26.0 26.5 27.0
26 (%)

Figure 5. The position of (101) anatase peak in the XRD patterns of TiO, and doped TiO; coatings.

Heat treatment of TiO, has been reported to increase its crystallinity and photocatalytic
performance [25,32]. The coatings in this work were therefore annealed at 600 °C in air to investigate
the effect on the structure and properties. However, an evaluation of the surface topography revealed
that heat treatment resulted in the segregation of significant amounts of the co-sputtered material from
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the TiO, matrix (Figure 6), especially in the coatings with the higher dopant concentrations, suggesting
that at least part of the material was not incorporated as a dopant for TiO,, but rather a separate phase.

Figure 6. SEM images of coated surfaces after heat treatment: (a) Ti-Agl; (b) Ti-Ag2; (c) Ti-Cul;
(d) Ti-Cu2; (e) Ti-St1; and (f) Ti-St2.

Scratch testing of the coatings revealed that the as-deposited coatings had excellent adhesion to
the substrate and no flaking was seen in the coatings with applied loads of up to 40 N. Annealing at
high temperature, however, resulted in stressed coatings which had poor adhesion to the substrate.
Figure 7 shows the scratch tracks of Ti and Ti-Cul before and after annealing.

Figure 7. Scratch tracks on (a) as-deposited Ti, (b) heat-treated Ti, (c) as-deposited Ti-Cul, and
(d) heat-treated Ti-Cul.

Due to the fact that the as-deposited coatings were crystalline and had good mechanical properties,
and due to the deterioration of the physical and mechanical properties after heat treatment, it was
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clear that there was no advantage in heat-treating these coatings and therefore further evaluation was
limited to the as-deposited coatings.

Table 3 presents the water contact angle on the as-deposited coatings after being stored for a
minimum of four weeks in the dark. The addition of silver and copper resulted in an increase in the
water contact angle whilst the addition of stainless steel resulted in a decrease in the contact angle.
After 30 min of irradiation with UV light, all coatings became superhydrophilic with a water contact
angle of <10°.

Table 3. Water contact angles.

Coating Water Contact Angle (°)
Ti 55+ 2
Ti-Agl 66 =3
Ti-Ag2 79 +3
Ti-Cul 56 + 1
Ti-Cu2 81+3
Ti-St1l 36 +2
Ti-St2 41+1

The photocatalytic efficiency of the surfaces was evaluated from the decay in the absorbance
peak using the slope of line In(Ag/A) vs. time. Table 4 presents the rate constant, k;, and the
surface-normalised rate constant, k” [31].

Table 4. Efficiency of coated surfaces under UV and fluorescent irradiation.

k, 10551 k” (10~ ®ms™1)

Coating Ultraviolet Fluorescent Ultraviolet Fluorescent
Ti 2.9 2.5 1.5 1.3
Ti-Agl 3.6 22 1.8 1.1
Ti-Ag2 5.2 2.5 2.6 1.3
Ti-Cul 7.2 3.3 3.6 1.7
Ti-Cu2 1.8 2.9 0.9 1.5
Ti-Stl 2.2 2.0 1.1 1.0
Ti-St2 2.0 3.3 1.0 1.7

Rafieian et al. [31] collated k” values for MB degradation in the presence of TiO, prepared using
various sputtering methods. The reported k” values range between 7.99 x 1078 and 2.87 x 10 ®m s~
The authors have also demonstrated the use of a microfluidic reactor for the evaluation of the rate
constant which allowed them to extract the intrinsic rate constant without limitations due to inefficient
mass transport and light distribution. The k” value obtained in their work was 5 x 10~> ms~!. Asin
many of the applications of photocatalytic coatings, it was not possible to eliminate the mass transport
and light distribution limitations; the use of reactors, such as that used in ISO Standard 10678:2010 [33]
or that used in this work, is appropriate for the comparison of different coatings, especially as we
tried to counter some of the effects of mass transport limitations through stirring the MB solution.
The k” value for the TiO; coating in this work under UV illumination was 1.5 x 10~% m s~! which was
broadly in line with other sputtered TiO; coatings and was hence used as a control to investigate the
effectiveness of the different dopants.

Ti-Cul had the highest activity under both UV and fluorescent lights, with Ti-St2 matching its
activity under fluorescent light. Other studies in the literature have also found the potential of copper
in enhancing the photocatalytic activity of TiO; [20,21]. The crystal structure of Ti-Cul was similar to
that of Ti with the exception of a shift in the position of the anatase peak due to the distortion of the
crystal lattice by Cu. It is possible that Cu has a role in preventing the recombination of photo-excited
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electrons and holes. Further work, however, is needed to establish the exact mechanism by which
doping improves the photocatalytic activity of TiO,.

Most coatings were less active under fluorescent irradiation with the exception of Ti-Cu2 and
Ti-St2, although Cu doping, even at a low concentration, enhanced the activity of TiO, under
fluorescent lighting.

Our previous work [24,26] showed the potential of magnetron sputtering for the deposition of
photoactive TiO; at high deposition rates and with excellent mechanical properties without a need for
subsequent heat treatment. It also presented the potential of silver in improving the photocatalytic
properties and imparting antimicrobial properties. The current work shows that co-sputtering a small
amount of Cu during the reactive sputtering of TiO; can enhance its UV activity by about 150% and its
activity under fluorescent lighting by 32%. Furthermore, as in the case of Ag, Cu has antimicrobial
properties [34] and could be expected to further contribute to the hygiene and self-cleaning properties
of the coating, even under dark conditions.

4. Conclusions

The TiO, coating was deposited using reactive CFUBMS at high deposition rates. Its structure
and photocatalytic activity were compared with doped TiO, coatings deposited by co-sputtering
from a silver, copper or stainless steel (AISI 316) target. Two levels of dopant content were evaluated
for each dopant material. All coatings were photocatalytic and showed superhydrophilicity after
irradiation. The coating with low concentrations of Cu doping showed the highest photocatalytic
activity compared with unmodified TiO,.
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