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a b s t r a c t

Atmospheric pressure chemical vapour deposition (APCVD) of N-doped titania thin films has been
achieved from titanium (IV) chloride, ethyl acetate and t-butylamine at a deposition temperature of
500 ◦C and the films characterised by XRD, Raman spectroscopy, XPS, SEM, UV–visible–NIR spectroscopy,
contact angle measurements and stearic acid degradation. The films were compared to two industrial
self-cleaning products: ActivTM and BIOCLEANTM and shown to be significantly better in both photo-
catalysis and superhydrophilicity, two preferential properties of effective self-cleaning coatings. X-ray
diffraction showed the films have the anatase TiO2 structure. High resolution X-ray photoelectron spec-
troscopy was consistent with small quantities of nitrogen (0.15–0.7 at.%) occupying an interstitial site
(N 1s ionisation at ∼400 eV). This work sheds light on the current confusion within the literature as to

the role of nitrogen in the enhancement of the photocatalytic properties of thin films with direct evi-
dence that selective doping at the interstitial site (ionisation ∼400 eV by XPS) has a pronounced effect
on enhancing photocatalysis. Surprisingly in the majority of films no XPS peak for N for O substitution
was observed (ionisation ∼396 eV by XPS). This is to our knowledge the first example of an N-doped
titania film with only interstitial doping. These films showed significant photocatalysis with visible light.
The best films were tested for their antimicrobial properties and found to be an effective agent for the

coli u
destruction of Escherichia

. Introduction

Titanium dioxide (TiO2) films were first commercialised world-
ide for self-cleaning window glass in 2002 with the launch of

ilkington ActivTM glass [1]. These coatings have been considered
ne of the most important advances in glass technology for many
ecades [2], and have also been commercialised by other glass com-
anies such as Saint Goban (BIOCLEANTM) [3] and PPG (Sunclean)
4]. Self-cleaning coatings work by the photocatalytic destruction
f organic pollutants, and the engendered superhydrophilicity [5].
hese factors enable dirt to be loosened and photomineralised by

he photoactivity and then to be washed off uniformly by rainwater
hat sheets on the surface. While highly successful, commercialised
nd widely sold (>1 × 106 m2 Pa), there is interest in improving the
ctivity and application of these TiO2 coatings as well as adapting

∗ Corresponding author. Tel.: +44 207 679 4669.
E-mail address: I.P.Parkin@ucl.ac.uk (I.P. Parkin).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.024
sing lighting conditions commonly found in UK hospitals.
© 2009 Elsevier B.V. All rights reserved.

the current technology to other areas such as antibacterial appli-
cations [6,7]. One such approach is to shift the band onset from
UV into the visible region of the spectrum as 98% of photons from
solar energy have wavelengths >385 nm [8]. The vast increase in
number of available photons with which to perform the photo-
catalysis, even by a small shift (10’s of nm) of the band onset into
the visible should improve the photocatalytic properties of the film,
while retaining the other useful properties such as hardness, ease of
production, adhesion to the glass surface and superhydrophilicity.
Furthermore, the availability of a visible light-driven photocata-
lyst with self-cleaning properties unveils a plethora of potential
applications where there is a ready supply of white light and lit-
tle UV, such as interior household and hospital locations especially
hand-touch surfaces susceptible to bacterial transfer [6].
Organisms such as Escherichia coli and other Enterobacteriaceae
are found in the large intestine and are used as indicators of faecal
contamination when testing food and food surfaces [9]. This organ-
ism is often observed on toilet flush handles, door handles, taps and
other areas that are frequently touched by unwashed hands. These,

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:I.P.Parkin@ucl.ac.uk
dx.doi.org/10.1016/j.jphotochem.2009.07.024
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before contact with the glass substrate at a temperature of 100 ◦C
and an additional flow of 1 l min−1, as shown in the schematic in
Fig. 2.
C.W.H. Dunnill et al. / Journal of Photochemistry

mongst other areas, harbour bacteria and can act as reservoirs for
nfection, contributing towards the spread of healthcare-associated
nfection. Healthcare-associated infections are an increasing prob-
em with an estimated 100,000 deaths in the United States during
002 [10].

It has been shown that Gram-negative organisms are less sus-
eptible to killing by light-activated antimicrobial coatings than
ram-positive organisms such as Staphylococcus aureus [11]. If
n antimicrobial coating were effective against Gram-negative
rganisms, such as E. coli, it would serve as a good marker for
ntimicrobial action against other organisms such as methicillin-
esistant S. aureus (MRSA).

Much work has been carried out in attempting to shift the
and gap of TiO2 by nitrogen doping to form N-doped TiO2 films
12–25]. Many methods have been employed, including reactions
ith ammonia [13,19–21], hydrazine [14], nitrogen dioxide [12],
ulsed laser deposition [17] and a nitrogen plasma or ion bom-
ardment/spluttering [13,15,16,22–25]. Somewhat contradictory
esults have been obtained when compared to pure TiO2 [26]. The
ncorporation of nitrogen into the TiO2 structure can take many
orms with oxygen replacement, i.e. the formation of TiO2−xNx, or
he formation of TiO2Nx (x < 3 at.%) with interstitial nitrogen. To
ate to the best of our knowledge, no thin film of N-doped titania
as been formed in which the nitrogen is solely located in an inter-
titial site, though Peng et al. do show that while both interstitial
nd substitutional doping does enhance the photocatalytic effects
ith interstitial being more pronounced [27]. Low concentrations

f nitrogen dopants are also seen to be favourable [17].
Here we report the production of a series of visible light-driven

hotocatalytic films produced utilizing a simple methodology
nvolving the APCVD of titanium (IV) chloride, ethyl acetate and
-butylamine at 500 ◦C and is consistent with technology and tech-
iques currently employed in the float glass industry, e.g. ActivTM

lass is currently prepared using titanium (IV) chloride and ethyl
cetate. The system has been investigated both for the trends asso-
iated with nitrogen content and with the deposition time. Our ini-
ial findings indicated that control of nitrogen content was possible
y controlling the mass flow of the amine precursor via the temper-
ture of the amine reservoir. The series of films produced have been
ompared to two of the current industry leading products for self-
leaning glass: Pilkington ActivTM and Saint-Gobain BIOCLEANTM.

e show that the N-doped films are effective photocatalysis, espe-
ially with interstitial nitrogen dopants and that they are effective
n killing E. coli with visible light. This work constitutes the first
tudy of N-doped titania thin films to kill bacteria. It also shows
hat the 400 eV XPS ionisation associated with N-interstitial dop-
ng is vital for the visible light photoactivity and than N-doped films
n which the nitrogen is only present in a interstitial position can
e conveniently made using t-butylamine as the nitrogen source.

. Methods

CVD preparations were carried out using a custom built,
orizontal, cold walled APCVD quartz deposition chamber. The
eposition chamber consisted of a quartz tube of ∼100 mm diam-
ter and 360 mm length and contained a graphite reactor bed with
hree cartridge heaters (Whatman) on which the glass substrates
ere positioned. A steel sheet was used to limit the volume of the

eactor, giving the reacting gasses approximately 7 mm of space
bove the glass substrate, as shown in Fig. 1.
Nitrogen gas (BOC 99%) supplied from a cylinder was used as the
arrier gas and was preheated, bubbled through the reservoirs and
assed into the heated mixing chambers prior to reaching the glass
ubstrate in the deposition chamber. At each stage the temperature
nd flow of the nitrogen was independently controllable.
Fig. 1. Schematic of the horizontal cold walled APCVD quartz reactor used in these
preparations.

The depositions were carried out on the SiO2 surface of
slides of standard float glass from Pilkington [1] of dimensions
220 mm × 85 mm × 4 mm (length × width × thickness) coated on
one side with a barrier layer of SiO2 to prevent ion diffusion from
the glass to the film. The glass was washed prior to insertion into
the APCVD reactor using sequential washings of water, acetone,
petroleum ether (60–80) and propan-2-ol giving a clean and smear
free finish.

In all preparations discussed the glass substrates were heated at
10 ◦C min−1 from room temperature to 500 ◦C and allowed to equi-
librate for >45 min, prior to the deposition reactions. The precursors
used were titanium (IV) chloride (Aldrich) as the titanium source,
ethyl acetate (BOC 99.0%) as the oxygen source and t-butylamine
(Fisher scientific 99.5%) as the nitrogen source. The nitrogen carrier
gas for the titanium (IV) chloride and ethyl acetate was preheated
to ∼150 ◦C with a flow rate of 0.5 l min−1. The bubblers were heated
to 70 and 40 ◦C respectively to give a molar mass flow ratio of 1:2.
These reactants were premixed in a single mixing chamber at 250 ◦C
with an additional flow of 6 l min−1 carrier gas preheated to 150 ◦C.
The nitrogen doping was achieved using a preheated carrier gas
at 60 ◦C flowing at 0.1 l min−1 through the t-butylamine reservoir
whose temperature was controlled using a water bath containing
50:50 H2O:ethylene glycol (0–15 ◦C). The t-butylamine was intro-
duced to the titanium (IV) chloride and ethyl acetate mixture just
Fig. 2. Schematic of the gas lines and reactant reservoirs used in the preparations
discussed. The temperature and flow rate of the titanium (IV) chloride and ethyl
acetate reservoirs leads to a ratio of ∼1:2.5 TiCl4:EtAc which is desirable for the
growth of anatase films under the conditions of the reactor.
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Table 1
The sample names and the experimental conditions for the thin films of N-doped TiO2 formed from the APCVD of titanium (IV) chloride, ethyl acetate and t-butylamine at
500 ◦C. The sample names are those used in the figures with the relative information given in the legends. Samples A and B refer to the two industry standards ActivTM and
BIOCLEANTM respectively.

Sample Temperature of
t-butylamine reservoir (◦C)

Molar mass flow of t-butylamine
(mmol min−1)

Approx. mass flow ratios,
TiCl4:EtAc:t-butylamine

Deposition time (s)

A Commercial product ActivTM

B Commercial product BIOCLEANTM

C 0 0.7 1:2.5:0.2 30
D 5 1 1:2.5:0.3 30
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from the carbonatious precursors in the synthesis.
For the microbiology, E. coli ATCC 25922 was stored at −80 ◦C

in 10% glycerol and maintained by weekly subculture onto 5%
Columbia blood agar plates (Oxoid Ltd., Basingstoke, UK). A sin-
gle colony was inoculated into 20 ml nutrient broth and incubated
E 10 1.4
F 15 1.9
G 5 1
H 5 1

In this series of experiments both the temperature of the t-
utylamine reservoir and the deposition time were varied. The
ass flow rate of the t-butylamine was calculated from the volatil-

ty data for t-butylamine and is given in Table 1 which also shows
he sample preparation conditions used in the films discussed in
his paper along with the referencing sequences used throughout
his work.

X-ray diffraction was achieved using a Bruker-Axs D8 (GADDS)
iffractometer, utilizing a large 2D area detector and a Cu X-ray
ource, monochromated (K�1 and K�2) fitted with a Gobble mir-
or. The instrumental setup allowed 34◦ in both � and ω with a
.01◦ resolution and 3–4 mm2 of sample surface illuminated at any
ne time. Multiple Debye–Scherrer cones were recorded simulta-
eously by the area detector with two sections covering the 65◦

� range. The Debye–Scherrer cones, once collected were inte-
rated along ω to produce standard 1D diffraction patterns of
egrees 2� against intensity. Scan data were collected for 800 s
eriods to give sufficiently resolved peaks for indexing. Raman
as achieved using a Renishaw in Via Raman microscope, and
V–visible–NIR; transmission and reflectance measurements were
chieved using a PerkinElmer �950. Scanning electron microscopy
as performed using secondary electron imaging on a JEOL 6301
eld emission instrument. High resolution X-ray photoelectron
pectroscopy (XPS) was performed at Cardiff University on a Kratos
xis Ultra-DLD photoelectron spectrometer using monochromatic
l-K� radiation. Survey spectra were collected at a pass energy
f 160 eV, while narrow scans acquired at a pass energy of 40 eV,
harge neutralization of the samples was achieved using the Kratos
mmersion lens neutralization system. The data were analysed
sing CasaXPSTM software and calibrated to the C (1s) signal
t 284.7 eV, attributed to adventitious carbon. Scanning electron
icroscopy was achieved using secondary electron imaging on a

EOL 6301 field emission instrument.
The photocatalytic activity of the films was quantified using

he destruction of stearic acid. There are many issues with the
se of stearic acid as a measurement of photocatalytic activity of
hin films, one of which is the questionable comparability between
esults taken using different methods. It remains however, the
enchmark of photocatalytic assessment for thin films. Much time
as been spent refining the methodology to achieve the opti-
um conditions for a reproducible and representative test. While

ome methods differ significantly the majority involve applying
he stearic acid to the surface and monitoring its destruction using
he IR peaks that correspond to the C–H stretches in the stearic
cid molecules. Stearic acid absorbs at: 2958 cm−1 (C–H stretch
H3), 2923 cm−1 (symmetric C–H stretch CH2), and 2853 cm−1

asymmetric C–H stretch CH2). Generally the first peak, which

s of low intensity, is ignored and the other two peaks inte-
rated to give an approximate concentration of stearic acid on
he surface. 1 cm−1 in integrated area corresponds to approxi-

ately 9.7 × 1015 molecules cm−2 [28]. The rate of decay can then
e approximated and compared by normalising the concentration
1:2.5:0.5 30
1:2.5:0.6 30
1:2.5:0.3 60
1:2.5:0.3 120

on stearic acid molecules on the surface as C/C0 readings. Where
C0 is the initial concentration of stearic acid present and C is the
concentration at any time.

The samples for photocatalytic testing were prepared in dupli-
cate as sheets of ∼30 mm × 30 mm with as uniform a thin film as
possible. These sheets were irradiated in a light box under 254 nm
radiation to ensure that the surfaces were clean and active and
attached to an IR sample holder consisting of an aluminium sheet
with a circular hole in its centre and stored in a clean dark draw
for >72 h to ensure that the surfaces were no longer activated as
a result of the UV irradiation. A 0.01 M solution of stearic acid in
methanol was then applied drop-wise to the centre of the hole and
allowed to evaporate, leaving the characteristic white smear. Drops
of similar size and volume were estimated using a Pasteur pipette.

FTIR spectra were obtained between 2700 and 3000 cm−1 using
a PerkinElmer Spectrum RX1 FTIR spectrometer, using a plain piece
of glass as a background. Cx measurements were then taken at 24-h
intervals as the sum of the integrated area of the two larger peaks
resultant from the stearic acid (2885–2947 and 2830–2867 cm−1)
with the samples placed under a white light source in between
measurements. Plots of normalised concentration of stearic acid on
the surface (Cx/C0) verses time were used to follow the destruction
of stearic acid and hence the photocatalytic activity. The spectral
power distribution chart for the light source (GE lighting 2D fluores-
cent GR10q-835 white, 28 W), which is in common use in hospitals
and therefore relevant to the investigation is shown in Figs. 3 and 4.
IR spectra for the films alone were taken and there was no peaks
corresponding to the C–H stretches observed, indicating firstly that
the entire integrated area of the peaks was due to the stearic acid
and secondly that there was no carbon contamination in the films
Fig. 3. Spectral power distribution diagram for the lamp used in the visible light pho-
tocatalysis measurements [48] marked with the cut-off for the activity of TiO2, i.e.
only photons of higher energy than 385 nm can activate TiO2. The nearest emission
line is at 410 nm. This light source is in common use in UK hospitals.
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or 18 h at 37 ◦C in a rotating incubator (Sanyo BV, Loughborough,
K, 200 rpm). From the overnight culture, 1 ml was centrifuged at
2,000 rpm, and the pellet was re-suspended in 1 ml of phosphate-
uffered saline. Approximately 300 �l of this suspension was added
o 10 ml phosphate-buffered saline to achieve an optical density
f 0.05 on a spectrophotometer at a wavelength of 600 nm (Phar-
acia Biotech now GE Healthcare, Buckinghamshire, UK), which

quates to approximately 107 cfu/ml. A 25 �l droplet was added to
ach coating occupying an area of 1 cm2, so the final concentration
as therefore 2.5 × 105 cfu/cm2. The suspension was diluted and

liquoted onto MacConkey agar plates and aerobic colony counts
alculated after 48 h incubation at 37 ◦C to estimate the bacterial
oad of the inoculum.

The film prepared with 1 mmol min−1 mass flow of t-butylamine
nd a 30 s deposition (sample D) was irradiated under a white light
General Electric 28 W Biax 2D compact fluorescent lamp) for 24 h,
0 cm from the light source, emitting an average light intensity of
950 lx. After this incubation period, 25 �l of the prepared bacterial
uspension (approximately 2.5 × 105 cfu/25 �l) was added to the
oated sample before returning to the light source for a further 24 h.
he light source was used as it is typically found in UK hospitals.
he bacterial droplet was sampled for 20 s with a pre-moistened
otton-tipped swab, using a uniform, standardised method (the
urface was sampled in three directions while rotating the head
o ensure maximum absorbency) before re-suspending the swab
n 1 ml phosphate-buffered saline. After a 2 min vortex, dilutions
f 10−1, 10−2 and 10−3 were plated out onto MacConkey plates,
n duplicate and incubated for 48 h at 37 ◦C. Aerobic colony counts

ere determined and the results compared to the controls.
Two irradiation steps were used, one before the application of E.

oli (A) and one after (L). The samples were either exposed to both
rradiation steps (A+L+) or as controls, the first irradiation step and
ot the second (A+L−), the second irradiation step and not the first
A−L+) or incubated in the dark throughout, with no light expo-
ure (A−L−). Two bacterial counts were produced for each exposure
ondition and the experimental procedure was performed in trip-
icate to demonstrate reproducibility.

The viable count data were subjected to statistical analysis using
he Mann–Whitney in the SPSS program (version 16.0; SPSS Inc.,
hicago, IL, USA) and the number of bacteria recovered from each
f the four light exposure conditions was compared.

. Results
.1. Synthesis and characterisation

Samples have been named according to the synthetic con-
itions under which they were produced, as explained in the

ig. 5. XRD patterns for the thin films of N-doped TiO2 formed from APCVD of titanium
orrespond to peak positions for anatase (*) and rutile (�) structures within the different
or the t-butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1 respectively and 30 s deposition tim
nd a molar mass flow for the t-butylamine of 1 mmol min−1.
Fig. 4. Schematic of the in situ ammonia formation for the N-doping of TiO2 films.

Experimental Section. A table of sample names is given in
Table 1.

N-doped titania films were prepared by the APCVD reaction of
titanium (IV) chloride, ethyl acetate and t-butylamine at a substrate
temperature of 500 ◦C. Films were formed with different mass flow
rates of t-butylamine, in order to vary the nitrogen content. The
majority of films were formed with a deposition time of 30 s. The
films appeared yellow in colour with uniform thickness. After syn-
thesis, the samples were kept in the dark until ready for use. Prior
to use the films were irradiated with 254 nm UV light to ensure that
the surface was clean before testing and then stored in a clean dark
drawer for >72 h to ensure that no activation from the irradiation
was still present.

X-ray diffraction data (Fig. 5) of the films formed from the reac-
tion of titanium (IV) chloride, ethyl acetate and t-butylamine by
APCVD at 500 ◦C and with 30 s deposition times show peaks that
match in position to those expected of anatase TiO2. The crys-
tallinity of the films and the resolution of the peaks are marginally
reduced by the addition of nitrogen doping into the titania. The
films were shown to be single-phase anatase except for the film
formed with the lowest mass flow of t-butylamine which although
essentially anatase showed tentative evidence for a minor amount
of rutile. Surprisingly the film formed with a longer deposition time
(sample H) shows predominantly rutile structure by XRD.

The films deposited over 30 s were shown to be anatase by
Raman spectroscopy (Fig. 6) with no rutile phase present [29]. Sam-
ple H showed peaks for rutile structure as expected from the XRD
data.

The films were analysed by high resolution XPS especially to
show the nitrogen content and provide information on the position
of N-doping. All films showed a nitrogen 1s ionisation at 400 eV
which is indicative of interstitial nitrogen content [21,30–32]. The
only sample to show an ionisation at 396 eV associated with O for N
substitution was sample E which had a high mass flow of nitrogen
and did so alongside a peak at 400 eV (Fig. 7).

Analysis of the XPS ionisation peak areas yielded atomic ratios

of exactly 1:2 for the Ti:O indicating TiO2 and suggesting interstitial
doping rather than substitutional. The ratio of Ti:N was calculated
from the relative peak areas and a trend observed that matched
the molar flow of the t-butylamine used in the experiment. The

(IV) chloride, ethyl acetate and t-butylamine at 500 ◦C, showing the peaks that
N-doped TiO2 films. Samples C, D, E and F were prepared with a molar mass flow of

es while G and H were prepared with a 60 and 120 s deposition time respectively
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Fig. 6. Raman spectroscopy spectra of the thin films of N-doped TiO2 formed from
APCVD of titanium (IV) chloride, ethyl acetate and t-butylamine at 500 ◦C, showing
no evidence for the rutile structure and a clear indication that the anatase structure
o
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pared with a mass flow of 1 mmol min−1 and a deposition time

F
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t

f TiO2 is present. Samples C, D, E and F were prepared with a molar mass flow of for
he t-butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1 respectively and 30 s deposition
imes.

ange of values was from 0.15 to 0.7 at.% (Fig. 8). The quantification
f the nitrogen content is below the detectable limits of some XPS
pectrometers but within the range of the equipment at Cardiff.
ample E was not representative of the rest of the experiments
s it showed an extra ionisation observed at 396 eV. This film also
howed a low Ti:O ratio (ca. 1:1.8), again corresponding to the sub-
titutional nature of the doping. Quite why the conditions used in
he preparation of sample E should lead to substitutional doping as

ell as interstitial, while other samples only showed interstitial, is
nclear, hence sample E appears to be an anomaly.

UV–visible–NIR spectra (Fig. 9) showed that the higher nitro-
en content films had a deeper colour and slightly lower average

ig. 7. XPS data showing the N 1s ionisations at 400 eV and at 396 eV for the thin films
-butylamine at 500 ◦C. Samples C, D, E and F were prepared with a molar mass flow of for
imes while G and H were prepared with a 60 and 120 s deposition time respectively and
hotobiology A: Chemistry 207 (2009) 244–253

transmission in the visible region of the spectrum (between 60 and
80%, 400–800 nm). All of the films had a transmission of 60% or
better in the visible region, a key criterion for use in window glass.
The samples were analysed for colour using L*a*b* coordinates in
both transmission and reflection. L* indicates lightness i.e. black
(0) to white (100), a* indicates green (−) to red (+) and b* indi-
cates blue (−) to yellow (+). All samples were light (L* > 88), in the
yellow region of the spectrum, as confirmed by the eye (b* = 0.25 to
2.48) and showed variation in the green–red component (a* = −2.26
to 4.07). There were more enhanced differences in the green–red
component when comparing the transmission and reflection data
for each individual sample (a* = −19.8 to 4.9).

Reflectance spectra for the different films yield interference
fringes allowing film thicknesses to be calculated using the
Swanepoel method [33]. Samples C–F had thicknesses very close to
175 nm while G and H were thicker at 300 nm and 920 nm respec-
tively. This equates to a growth rate of ∼6 or 7 nm of film thickness
per second.

The presence of nitrogen in the structure has an effect on the
position of the band onset. A Tauc plot (Fig. 10(a)) was used to
estimate the band onset of the semiconducting films and shows
two groupings one grouping centred at 3.1 eV as would be expected
for the films containing only TiO2 and one grouping red shifted and
spread closer to 2.8 eV.

The position of the band onset does not appear to depend on
the quantity of nitrogen incorporation indicating that the while
the nitrogen has a pronounced effect on the band onset it is not
a simple matter of quantity. The furthest shifted is sample D, pre-
of 30 s, which coincides with the best visible light photocataly-
sis in the destruction of stearic acid (see below). Fig. 10(b) shows
the variation in estimated band onset with the different deposi-
tion times. Both the 30 and 60 s depositions appear to have the

of N-doped TiO2 formed from APCVD of titanium (IV) chloride, ethyl acetate and
the t-butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1 respectively and 30 s deposition
a molar mass flow for the t-butylamine of 1 mmol min−1.
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Fig. 8. (a) Schematic showing how the nitrogen content of the different preparations changes with t-butylamine molar gas flow. (b) Schematic showing the composition of
the nitrogen content of the films with respect to deposition time. Graphs were derived from the XPS data for the films formed from the APCVD of titanium (IV) chloride, ethyl
acetate and t-butylamine at 500 ◦C. Samples C, D, E and F had a 30 s deposition times with increasing molar mass flow of t-butylamine, while G and H were prepared with a
60 and 120 s deposition time respectively and a molar mass flow for the t-butylamine of 1 mmol min−1.
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ig. 9. Transmission data for the full spectrum between 2500 and 300 nm for all th
nd t-butylamine prepared at 500 ◦C and a glass standard. Samples A and B are Activ
and F were prepared with a molar mass flow of for the t-butylamine at 0.7, 1, 1.4
ith a 60 and 120 s deposition time respectively and a molar mass flow for the t-bu

ame band onset at 2.75 eV while the 120 s deposition time has
lower band onset at about 2.6 eV. This film does have a signif-

cant rutile contribution which will lead to some shifting of the
and onset however not as far as the 2.6 eV observed. There is
herefore some contribution to the shifting band onset from the
itrogen dopant, though it is unclear whether the dopant is hav-

ng this effect on the rutile or the anatase structure as both are
resent.
The films of all samples consisted of nano-particulates of varying
ize, ranging from 100 to 200 nm (Fig. 11) when analysed by SEM.
he size appears to relate to the nitrogen content with all the films
repared with a t-butylamine mass flow rate of 1 mmol min−1 (D,

ig. 10. Tauc plots estimating the band onset for the different films. (a) showing the varia
ime. Samples A and B are ActiveTM and BIOCLEANTM, samples C, D, E and F were prepare
espectively and 30 s deposition times while samples G and H were prepared with a 60 an
mmol min−1.
films of N-doped TiO2 formed from APCVD of titanium (IV) chloride, ethyl acetate
d BIOCLEANTM respectively with Gl indicating the plain glass sample. Samples C, D,
9 mmol min−1 respectively and 30 s deposition times while G and H were prepared
ine of 1 mmol min−1.

G and H) having very similar particle sizes. Sample F, prepared with
a 1.9 mmol min−1 mass flow of t-butylamine also showed compa-
rable particle sizes with that of the afore mentioned preparations.
The other preparations show a slightly decreased particle size. The
images were analysed using Image-J software [34] with 20 random
representative particles measured and the average diameter cal-
culated. Samples D, G and H showed average particle sizes ∼186,
∼190 and ∼150 nm respectively while C, E and F showed particles

of average size ∼115 nm. This has an affect on the photoactivity of
the surfaces [19]. No chlorine impurities were observed using EDX
indicating that contamination form the chloride precursor did not
occur during the CVD reaction.

tion with mass flow of t-butylamine and (b) showing the variation with deposition
d with a molar mass flow of for the t-butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1

d 120 s deposition time respectively and a molar mass flow for the t-butylamine of



250 C.W.H. Dunnill et al. / Journal of Photochemistry and Photobiology A: Chemistry 207 (2009) 244–253

F ium (I
n mples
1 re pre
t

3

s
t
a
p
t
f
u
v
i
a
t
t
U
a
o
n
f
w

F
c
m
r

ig. 11. SEM micrographs of the films of N-doped TiO2 formed from APCVD of titan
ature of the thin films and the difference in size of the particulates in each case. Sa
, 1.4 and 1.9 mmol min−1 respectively and 30 s deposition times while G and H we
he t-butylamine of 1 mmol min−1.

.2. Functional testing—hydrophilicity and photocatalysis

Water contact angle measurements were performed by mea-
uring the diameter of a 5 �l drop of deionised water placed on
he surface of the film. Measurements were taken before and
fter activation. The samples were placed in a black box for 72 h
rior to the initial reading to fully deactivate the surface and
hen irradiated by UV light (245 nm) to obtain a maximum value
or the hydrophilicity of the surface. Irradiation of the samples
nder visible light had a similar effect on the contact angles with
isible light active samples C–H but not on the samples requir-
ng UV light for activation A and B as the superhydrophilicity
rises as a consequence of the removal of organic species from
he surface due to the photocatalytic activity [35]. The irradia-
ion time was however significantly longer. The results from the
V irradiation are given in Table 2 and show that after UV irradi-

tion all samples are superhydrophilic (contact angle < 10◦) with
nly a small spread between samples. The incorporation of the
itrogen has slightly improved the superhydrophilicity of the sur-

ace (3–8◦) with respect to ActivTM and BIOCLEANTM (12–14◦)
hich is a beneficial property of self-cleaning technologies. There

ig. 12. Results showing the normalised destruction of stearic acid with respect to time
hloride, ethyl acetate and t-butylamine at 500 ◦C, irradiated using visible light. Samples
ass flow of for the t-butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1 respectively and 30 s d

espectively and a molar mass flow for the t-butylamine of 1 mmol min−1.
V) chloride, ethyl acetate and t-butylamine at 500 ◦C showing the nano-particulate
C, D, E and F were prepared with a molar mass flow of for the t-butylamine at 0.7,
pared with a 60 and 120 s deposition time respectively and a molar mass flow for

is a slight variation between these samples (3–8◦), however all
are superhydrophilic and comparably better than ActivTM and
BIOCLEANTM.

The photocatalysis of the samples was determined by the stearic
acid test, whereby a thin layer of stearic acid was applied to the sur-
face in methanol, allowed to evaporate and the decrease in the C–H
stretching bands quantified with irradiation time. Fig. 12 shows
an appreciable decrease in concentration of stearic acid for the
N-doped samples with respect to that observed for ActivTM and
BIOCLEANTM under visible light, with no UV component (no mea-
sured emission below 400 nm). Despite these conditions ActivTM

did show a small reduction in stearic acid concentration (ca. 10%).
There is no apparent trend in position of the stearic acid concentra-
tion after prolonged irradiation for the films prepared with a 30 s
deposition time (C–F). The three samples with a t-butylamine mass
flow rate of 1 mmol min−1 (D, G and H) did however show enhanced

reduction in stearic acid concentration with respect to all the other
samples. IR spectra before the application of stearic acid showed no
C–H stretches indicating that the entirety of the peak was due to
the stearic acid and that there was no hydrocarbon contamination
in the films from the deposition mixture.

for the eight different films of N-doped TiO2 formed from APCVD of titanium (IV)
A and B were ActiveTM and BIOCLEANTM C, D, E and F were prepared with a molar
eposition times while G and H were prepared with a 60 and 120 s deposition time
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Table 2
The contact angle measurements for the different films of N-doped TiO2 formed
from APCVD of titanium (IV) chloride, ethyl acetate and t-butylamine at 500 ◦C
and the untreated Glass substrate. The samples were stored in a dark container
for 4 days prior to testing for the “Before” measurement. The “After” measurements
occurred after 24 h activation by 254 nm radiation. Sample A was ActivTM, sample B
was BIOCLEANTM, C, D, E and F were prepared with a molar mass flow of for the t-
butylamine at 0.7, 1, 1.4 and 1.9 mmol min−1 respectively and 30 s deposition times
while G and H were prepared with a 60 and 120 s deposition time respectively and
a molar mass flow for the t-butylamine of 1 mmol min−1.

Sample Before After

Glass 70◦ 70◦

A 60◦ 12◦

B 76◦ 14◦

C 31◦ 4◦

D 86◦ 5◦

E 85◦ 4◦

F 84◦ 8◦

G 72◦ 8◦

H 76◦ 3◦

Fig. 13. Survival of E. coli on sample D after exposure to the white light source.
Samples were either exposed to two 24-h light doses (A+L+), an activating 24 h
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stitial doping and a ionisation at ∼400 eV [21,46]. Other scientists
hite light dose before the addition of E. coli (A+L−), 24 h white light irradiation
fter E. coli addition (A−L+) or incubated in the absence of light throughout (A−L−).
ars indicate median values from the data sets. A+L+ shows a 2.8 log kill (99.9%)
hile A−L+ shows a 1.2 log kill (99.4%) compared with the A−L− control.

The sample prepared at a flow rate of 1 mmol min−1 (sample D)
howed the most promise for use as a visible light photocatalysis
nd was therefore used for the microbiology testing. The survival
f E. coli is illustrated in Fig. 13. When the coatings were activated
nder white light conditions typically used in UK hospitals for 24 h
nd then re-incubated with E. coli under the same light source for
further 24 h (A+L+), 99.9% of E. coli was killed, compared with the
−L− control incubated in the absence of light (p = 0.01). Exposing

he coatings to just the second light condition resulted in a 94.1%
ill (p = 0.03), which was also statistically significant. Exposing the
oatings to the initial activating light dose only (A+L−) did not have
significant killing effect on E. coli (p = 0.68). Therefore, an addi-

ive effect was observed whereby exposure to either the second
ight dose or both light doses resulted in a significant kill, with the
reatest reduction in bacteria observed after both light exposure
eriods.

. Discussion

The use of t-butylamine as a nitrogen source has advantages

ver using ammonia directly as it prevents the pre-reaction of
he components prior to deposition on the desired surface. It is
ikely that the nitridation occurs as a result of in situ ammo-
ia formation as the t-butylamine can thermally decompose into
hotobiology A: Chemistry 207 (2009) 244–253 251

ammonia and isobutylene (Fig. 4) [36,37]. At 500 ◦C on the sub-
strate, the rate of decomposition of the t-butylamine will be fast
in relation to the time that the decomposition mixture of gasses
remains in the reaction chamber. The isobutylene has no fur-
ther reaction under the conditions used and exits via the exhaust
[38]. Similar experiments on the same apparatus using ammo-
nia as the nitrogen source failed to yield suitable N-doped TiO2
films and were highly susceptible to pre-reaction and control-
line blockages. The use of t-butylamine has been shown to reduce
blockages, reduce gas phase nucleation and associated pin-hole
defects. Industrially titanium (IV) chloride and ethyl acetate are
used in the production of self-cleaning glass, hence their use here
as precursors. It should be noted however that industrially the
method of mixing and transport of the precursors would be very
different, e.g. in general mass flow controllers would be used to
deliver the reactants and the gas outlets would be stable with the
glass sheets moving underneath as they come off the float line at
500–600 ◦C.

The XRD results for the N-doped coatings reported here from
APCVD reactions, correlate with a number of conclusions reported
by other authors in that the incorporation of nitrogen at low dop-
ing concentrations does appear to inhibit the formation of rutile
structure and that anatase is the dominant structure in the films
grown at 500 ◦C [29,39]. Surprisingly however the film deposited
over 120 s with the highest nitrogen content of our samples has a
significant rutile content and is indeed a mixed phase film com-
prising of crystalline anatase and rutile structures. Thus it seems in
this system that anatase is deposited first, but on increasing film
thickness a higher proportion of rutile is observed.

The Raman results mirror those observed by the XRD studies.
Other researchers using different synthesis techniques have also
shown that the incorporation of nitrogen into the titanium dioxide
lattice lowers the crystallinity of the films especially at high dopant
concentrations [14,17].

The combination of the XPS and the XRD suggests that the film
formed with a 60 s deposition is identical to that from a 30 s depo-
sition in a material context, though the 60 s film is clearly thicker.
However, the film deposited over 120 s is different with much more
significant rutile phase content. We suspect that it is the nitrogen
content that encourages the rutile phase. This is because we have
made over 300 films of titania by APCVD at 500 ◦C of varying thick-
ness, but without exception we have only found anatase and not
rutile [29,40].

There is much contention and confusion in the N-doped TiO2 lit-
erature about the relationship between the position of the dopant
within the lattice and the photocatalytic properties of the material.
This is compounded by the difficulty in comparing films produced
under different synthetic conditions [41]. Previous work carried
out by Mills et al. has attempted to form a reliable test as a rec-
ognized benchmark [28,42–44]. Some N-TiO2 films are reported to
be better photocatalysts and indeed work under visible light, while
others are worse. For example Yates et al. made a series of N-doped
(� substituted XPS ionisation 396 eV) titania films by CVD that were
inferior photocatalysts to titania films [41]. It thus appears that it
is not only the quantity of nitrogen that is important [45] but also
the position of this nitrogen within the lattice which can be probed
using XPS. Thompson and Yates [31] show in their review of the
subject, how there are two main arguments. Asahi et al. account
for the enhanced photocatalytic activity of N-TiO2 by way of sub-
stitutional doping and an XPS ionisation at 396 eV [23] while Diwald
et al. account for enhanced photocatalytic activity by way of inter-
appear to be evenly split in favour of the two differing opinions
[31], or claim that both Interstitial and substitutional have an effect
though the interstitial is more pronounced [27]. There is however
general agreement that the ionisation at 400 eV is due to interstitial
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oping and the ionisation at 396 eV is due to substitutional doping
21,26,27,30,31,41,46,47].

One of the biggest problems with the confusion of the origin of
he photocatalytic activity is the ability to prepare samples, films or
owders, of N-TiO2 which display only one ionisation peak in the
PS. Asahi et al. show in their paper a significant enhancement in

he XPS peak at 400 eV when comparing the TiO2 and N-TiO2 sam-
les as well as the appearance of the peak at 396 eV [23]. Allowing
s to conclude that maybe they are doping both in the substitutional
ite, as stated, with the ionisation at 396 eV but also in the intersti-
ial holes, with the enhancement of the ionisation at 400 eV. Thus
he photocatalytic enhancement could be from interstitial dopants
ather than substitutional dopants.

Our research shows that the enhanced photocatalytic proper-
ies only display when the N (1s) ionisation at 400 eV in the XPS
s evident and therefore interstitial doping is of key importance to
isible light photocatalysis in N-TiO2 doped structures. In previous
iterature reports into N-doped thin films, either just a 396 eV ion-
sation or a mixed 396 eV and 400 eV ionisation peaks are reported
e.g. [17,18,20,23,30,41]).

Added confusion arises as selective doping is hard to achieve.
any samples reported in the literature show ionisations at both

96 eV and 400 eV which may have opposite effects that cancel out.
he synthetic method of preparation therefore plays a major role
n the doping position, i.e. substitutional or interstitial, and as a
esult is key to the formation of both highly active and visible active
hotocatalytic films. The quantity of nitrogen doping is also key to
he formation of good photocatalytic films as high levels of doping,
ormed by other methods result in low activity [45]. Typical results
how 1–2 at.% is best for powders. Our results (see above) corrob-
rate this, albeit at a lower concentration (0.13–0.7 at.%) with the
owest incorporation of nitrogen just in an interstitial site corre-
ponding to the highest activity.

The use of t-butylamine appears to give the mass flow control
equired and surface chemistry to achieve interstitial doping. The in
itu production of ammonia along with isobutylene on the surface
f the glass substrate appears to provide good conditions to insert
itrogen atoms into the lattice without removing oxygen atoms,
ence achieving interstitial doping rather than substitutional dop-

ng and the attributed enhancement in photocatalytic properties.
ork by us using ammonia directly as a N-source in making com-

ositional gradient Ti–O–N films shows that the N-doping always
ccurs in the substitutional (396 eV) form [38].

The stability of interstitial doping of nitrogen raises many ques-
ions as there is likely a high degree of nitrogen mobility. Loss
f nitrogen would hinder the photocatalytic activity of the film
educing its effectiveness. There is however little evidence from our
esults that this occurs as the XPS was performed 6 months after
ome of the samples were prepared and multiple runs using stearic
cid show similar results again over a 6-month period. Whether
he films remain stable and efficient photocatalysts over a period
f decades has yet to be tested.

The exact role of the environment in healthcare-associated
nfections has yet to be fully elucidated, but it is advantageous to
nsure that the microbial population within a hospital setting is
ept to a minimum. Antibacterial coatings present a novel approach
o preventing the transfer of bacteria from patient to patient and
ltimately fighting healthcare-associated infections, and could be
sed alongside meticulous hand hygiene and prudent antibiotic
rescribing policies. The N-doped film prepared with a 30 s depo-
ition time and a mass flow of 1 mmol min−1 t-butylamine, sample

, is an example of a novel antibacterial coating that is activated by

he white light used in many UK hospitals. This preliminary study
as shown that this sample when activated was capable of killing
9.9% of an E. coli suspension containing more than 104 viable
acteria, when exposed to 24 h of white light using typical hos-

[

[
[
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pital lighting conditions. This killing effect was not seen when the
slides were incubated in the absence of light. These data provide
an exciting opportunity to explore these novel compounds further,
testing them against a range of pathogenic microorganisms which
are found in the hospital environment and presents a solid founda-
tion for future work. It has previously been shown that E. coli being a
Gram-negative bacterium is far less susceptible to photo-induced
destruction than Gram-positive organisms [11] leading to a high
reality that the antimicrobial effects should be more enhanced with
other bacteria such as Gram-positive MRSA and such like. These
coatings therefore provide a potential method for the control and
prevention of hospital acquired infections.

5. Conclusions

A series of thin films of N-doped titania have been prepared
and characterised. Of the series it was found that the best photo-
catalytic properties were obtained from the films prepared with a
flow rate of 1 mmol min−1 of t-butylamine as a reacting precursor.
It has been shown that interstitial nitrogen doping (XPS ionisa-
tion at 400 eV) of the anatase structure of titania is preferable to
substitutional doping (XPS ionisation at 396 eV) if visible light pho-
tocatalytic properties are desired. This is the first preparation of a
photocatalytically enhanced film to show only the 400 eV and not
the 396 eV XPS ionisations.

The use of titanium (IV) chloride, ethyl acetate and t-butylamine
provide a clean and direct route to enhanced photocatalysts in a
methodology that is entirely compatible with current float glass
industrial practices leading to high potential for swift incorpora-
tion and movement from first generation to second generation
self-cleaning windows. To our knowledge this is the first known
example of antimicrobial property displayed for N-doped tita-
nia films showing a 99.9% kill of E-coli under conditions typically
observed in UK hospitals.
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