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ARTICLE INFO ABSTRACT

Keywords: Most practical applications of photocatalysts will involve coatings on an inert support; here we have examined

Photocatalysis how copper doping of spin coated porous TiO, films affects their physical characteristics and photocatalytic

_il.l(;face activity. The photocatalytic degradation of stearic acid was used as a measure of photocatalytic activity for
102

catalysts spin coated from a sol-gel onto glass with 0, 0.1, 0.5, 1, 2.5 and 5 wt% copper introduced into the
catalyst lattice before gelation. The effects of spin coating speed on film thickness, structure and band gap were
studied and the nature of the copper incorporated into the films examined with XPS and XANES measurements.
Increased spin coating speeds reduces the thickness of the deposited films from ~ 50 pm to ~ 20 pm until a spin
speed of ~ 3000 rpm at which point non-Newtonian behaviour of the gels prevents further reductions in film
thickness. A larger effect on film thickness is the presence of the added copper nitrate which results in thinner
films. After calcining, XANES shows the bulk of the copper to be in a Cu(Il) state but at the surface of the thinnest,
most active films XPS shows only Cu(I). Photocatalytic activity is much more strongly affected by the presence of
the copper than the thickness of the films with 0.1 wt% Cu catalysts as much as 10 times more active than the
undoped catalysts. Increasing the copper content, however, reduces activity until at ~ 5 wt% activity is lower
than for the pure TiO3 films.

Spin coating

1. Introduction gap and hence the range of wavelengths captured and the negative in-
fluence of additives acting as recombination centres that shorten the
lifetime of the excitons and hence the effectiveness of the catalysts. One

additive that has been shown to be particularly effective is copper,

To date, despite an enormous body of work on alternatives, TiO;
remains the most reliable, accessible and effective semiconductor for the

photocatalytic degradation of organic molecules. Its activity under near
UV light, long-term stability, low cost and ease of synthesis means TiO5
continues to be the catalyst of choice in the research literature [1-4]. A
great deal of work has focused on improving the photocatalytic activity
of TiO,, which is too low for practical applications in its natural state,
and on countering the limitations of its band gap of ~ 3.2 eV which
restricts the wavelengths of light for which the catalyst is effective to a
small percentage of the sunlight that reaches the Earth’s surface. One of
the most popular strategies to address these two points has been to
explore the effect of introducing additives into the TiO; lattice and great
deal of work has been conducted into different substituents. In general,
the results show that a balance needs to be found between the positive
influence of additives introducing electronic states that reduce the band

although some contrary results have also been obtained [5-10]. Another
strategy that has been employed to improve activity is to increase the
surface area of the catalysts by introducing a degree of porosity using a
variety of different strategies [6,11-13]. Combining these approaches
Trofimovite et al [6]. showed that mesoporous TiOy powders have
improved activity for the photodegradation of methyl orange and that
the addition, by wet impregnation, of low loadings of copper ions also
boosts performance. The copper was deemed to be present in an atom-
ically dispersed Cu(I) state decorating the surface of the TiOs
nanoparticles.

Practical applications of TiO, based catalysts will inevitably involve
thin coatings deposited on inert high area supports, and sol gel based
preparations have received a great deal of attention in this respect
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because of their ease of preparation, and the fact that most fundamental
research laboratories are able to create TiOy films from sol-gels at
minimal cost and on short time scales. Three main approaches have been
considered: dip coating, spin-coating and spray deposition [14]. Of the
three, spin coating has the advantage of high reproducibility, rapid
preparation of large areas and readily controllable film thicknesses using
deposition spin speeds between 500 and 8000 rpm, and in the present
study we have used this approach to explore how copper doping, film
thickness and porosity influence the activity of TiO; films. We find that
the increased activity due to porosity is maintained when the coatings
are deposited on silica surfaces and that Cu(I) ions within the lattice at
low concentrations are key to increasing activity.

2. Experimental

Titanium (IV) butoxide (Ti(OBu)4, Sigma-Aldrich reagent grade) was
used as a precursor with methanol as a solvent. The procedure for
developing a mesoporous structure using pluronic P-123 (Sigma-
Aldrich) was optimised in terms of quantities of templating agent, stir-
ring times and annealing temperatures [15]. For all the samples reported
here, 5 g pluronic P-123 was added to 15 cm® methanol (Sigma Aldrich,
anhydrous 99.8 %) and left to stir until the polymer was fully dissolved
whereupon 10 cm® Ti(OBu)4 was added and the solution left to stir for
30 minutes in a dry atmosphere since hydrolysis from the air has been
shown to have a detrimental effect on the quality and activity of the
porous films deposited by spin coating [15]. Cover glasses (VWR, 22 mm
@, No. 1) were cleaned in water, then acetone using an ultrasonic bath at
room temperature and placed in an oven at 40 °C. The titanium butoxide
solution was distributed onto the clean cover slips by spin coating with a
Laurell, WS-650MZ-23NPP system. 200 ul of the titanium butoxide so-
lution was dispensed onto a spinning cover glass, the coated cover glass
was left to spin for a further 30 seconds. Spin speeds between 500 —
8000 rpm were used to achieve differing film thicknesses. The samples
were then heated to 40 °C for 48 hours to facilitate the
evaporation-induced self-assembly of the polymer and create a porous
structure after which the samples were calcined in the furnace at 500 °C
for 5 hours with a heating rate of 5 °C min™! to remove the templating
polymer. Control samples in which pluronic acid was included but the
evaporation-induced self-assembly of the polymer inhibited by low
temperatures (21 °C) or prevented entirely by calcining immediately
after spin coating show correspondingly low reaction rates.

2.1. Film thickness measurement & dependence on experimental
parameters

Film thicknesses were measured using a Sensofar “S mart” optical
profilometer by scraping off a section of the film using a plastic glue
spreader, creating a step between the uncoated glass coverslip and the
photocatalytic coating. 3D profiles were measured at multiple points
across the threshold between the two surfaces as well as the intact
central portion and edge of each sample, thickness measurements were
within ~ 10 % across a sample. All the spin coated films were discon-
tinuous on the silica substrates, Figure SI-1, but remarkably similar to
each other at different spin speeds. There is very little variation in the
depth or width of the channels in the surface, with the deepest
measuring approximately 1.5 pm deep and average channel widths at
their mid points ranging from ~12 um at lower spin speeds, to ~15 pm
for preparation spin speeds between 4500 and 8000 rpm.

2.2. Photocatalytic testing

The photoactivity of the films was monitored by measuring the
surface concentration of C-H bonds of a stearic acid film using diffuse
reflectance infrared Fourier-transform spectroscopy (DRIFTS) on a
Perkin Elmer Frontier spectrometer [16]. 200 uL of 0.1 mol dm 2 stearic
acid (Sigma Aldrich, reagent grade, 95 %) in chloroform (reagent grade)
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was spin coated on to the photocatalytic films at 2000 rpm for 30 s.
During deposition, the chloroform is completely desorbed, with no trace
of chlorine seen in the XPS of deposited acid. Samples were illuminated
with an adapted UV-LED based photocatalytic test reactor developed as
part of the EU funded PCATDES project, providing a calibrated adjust-
able light source with a light intensity of up to 1.9 kW m 2 at a wave-
length of 365 + 2 nm at a distance of 0.1 m from the UV-LEDs [17,18].
The films were positioned c.a. 10 cm from the LED source and photo-
catalysis conducted in air. No temperature change was detected in the
samples during photocatalysis.

All measurements are an average of at least three experiments on
different batches of the same nominal material; the narrow error range
measured demonstrates the excellent reproducibility of the coating and
reaction procedures. The percentage of stearic acid decomposed was
calculated from the combined peak areas under the C-H absorption
peaks at 2917 cm ™! and 2849 cm™! after subtraction of a constant
background using OriginLab software.

2.3. Catalyst characterisation

DRS-UV spectroscopy was performed using an Agilent Technologies
Cary Series UV-Vis spectrometer scanning from 800 to 200 nm. XP
spectra were obtained of the coatings with a ThermoFisher Scientific K-
Alpha™ photoelectron spectrometer, utilising micro-focussed mono-
chromatic Al ka radiation with a photon energy of 1486.6 eV and
operating at 72 W (6 mA x 12 kV). Spectra were collected using the 400-
micron spot mode which averages the signal from an area of ca.
600x400 microns. A pass-energy of 40 eV was used for high-resolution
scans and 150 eV for survey scans with 0.1 eV and 1.0 eV step sizes
respectively. Depth profiling was performed with argon clusters of
approximately 2000 atoms, from a Thermo MAGCIS source operating at
4 kV and rastered over a 2x1 mm area for a period of 30 seconds per
cycle. CasaXPS [19,20] (version 2.3.24) was used to analyse the spectra
using Shirley type backgrounds and Scofield cross sections with an en-
ergy dependence of —0.6. Binding energies are referenced to the largest
Al** (2p) peak at 458.5 eV with an uncertainty of ~ 0.2 eV.

Powder X-ray diffraction (XRD) data over the range 20 = 10-80°,
Figure SI-2, were obtained using a PANalytical X’Pert Pro diffractometer
with a monochromatic Cu Ka source (4 = 0.154 nm) operated at 40 kV
and 40 mA.

Surface area was measured using a Quantachrome NOVA 4200e in-
strument by Ny adsorption using NovaWin v11.03 analysis software.
Samples were degassed under vacuum at 150 °C for 2.5 hours.
Adsorption/desorption isotherms were recorded at —196 °C. BET sur-
face areas were calculated over the relative pressure ranges 0.05-0.2
and 0.06-0.3 for the non-porous and porous samples respectively. The
catalyst precursor solutions were prepared in the same way as for the
spin coated films but then transferred to crucibles, warmed to 40 °C for
48 hours before calcining at 500 °C for 5 hours at a heating rate of 5 °C
min~!. The resulting powders were then ground to form free flowing
powders.

3. Results and discussion

3.1. The effect of added porosity on photocatalytic activity in spin coated
films

To confirm that the porosity introduced into the TiO, materials with
a templating polmer [6] is maintained in the spin coated and calcined
films, the activity of a range of films deposited at different spin speeds
was compared, Fig. 1a). In this Figure the % of stearic acid removed by
oxidation over the film is plotted against time of exposure to UV light;
the porous films all fall within a range highlighted in green that is
approximately 10x faster than that of the non-porous films which lie in
a range highlighted in blue. The increase in rate that is evident when
porosity is introduced is far in excess of the ~2x increase in surface
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Fig. 1. a) Comparison of the photocatalytic performance of a selection of porous and non-porous TiO, films (without copper) spin-coated at different speeds.
Deposition spin speeds are listed in the figure legend in rpm; P & N indicate porous and non-porous films respectively. Typical surface areas of the films (scraped off
the glass substrate) are also given. The increased rate of reaction (up to 10x faster) of the porous films is much greater than could be accounted for by the increased
surface area. b) & c¢) XPS depth profiling of porous and non-porous films using a cluster argon etch between scans. The carboxylic carbon signal at 289 eV vanishes
after the first etch in both the porous and non-porous coatings suggesting no difference in the depth to which the acid diffuses into the catalyst.

area. Interestingly, XPS depth measurement profiling, Fig. 1b) & c),
don’t show any differences in the penetration of the acid between the
porous and non-porous films. In both cases, the presence of the car-
boxylic head group is only detected in the very top layer. This suggests
that the difference in activity is not connected with the transport of the
target molecule (stearic acid in this case) into the pores created by the
templating polymer but perhaps more with the transport of the other
reactants (water and oxygen) to the active site. We have not explored
this interesting observation any further in this work, focussing instead
on how porous films are affected by copper doping and deposition spin
speed. The catalysts show excellent re-usability, with ~ 93 % activity
retained over 4 reaction cycles, Table SI-1.

3.2. The effect of Cu doping on the activity of porous spin coated TiO2
films

Copper doping is a well-known means of increasing the activity of
TiO4 photocatalysts [1,5,6,10,21,22] and in our investigation reported
here, the porous thin films are no exception. Fig. 2 shows the effect of a
selection of copper loadings on the activity of TiO films spin coated at
3000 rpm; strikingly, at the highest concentration of copper (5 wt%) the
films are significantly less active than the undoped samples, but activity
increases as the Cu wt% decreases. Previously, Zhang et al. reported [21]
an optimum Cu doping level of ~1.6 wt% for sputter coated TiOs films,
and Trofimovaite reported [6] increased activity with Cu concentrations
below 0.8 wt% whereas Krishnakumar et al. reported enhanced activity
of a TiOy powder synthesised with approximately 4 wt% of Cu, slightly
decreasing at Cu contents of 7 and 11 wt%. In contrast, Colon et al.
report a decrease in activity for TiO catalysts with ~ 0.6 and 1.1 wt%
Cu although catalysts prepared in the presence of sulfuric acid was
enhanced.

It’s also noticeable that the 0.1 and 5 wt% curves are very close to
linear indicating zero order kinetics as expected for this reaction where
sites are likely to be initially saturated [23], whereas the 0, 0.5 and
2.5 wt% curves show some dependence on concentration and can be
fitted by 1st order curves. We do not, at present, have an explanation for
the different behaviours but for this reason, rates in this paper are

Effect of Cu wt% on catalyst performance
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Fig. 2. Effect of Cu loading (0, 0.1, 0.5, 2.5 & 5 wt%) on the activity of porous
TiO, films deposited at a spin speed of 3000 rpm. To reduce the clutter in the
chart, errors in the measurements are indicated on only one of the curves but
were similar for all the data.

considered in terms of half-lives so that similar units are involved with
every film studied.

XRD patterns of the samples, Figure SI-2 show only the TiO5 re-
flections expected for anatase, together with broad peaks at 20 of 16°,
22.8° and 34.8° for the thinner films deposited at higher spin speeds,
which are attributed to glass shards scraped off the cover slip support.
There is no evidence for the presence of either cupric or cuprous oxide
implying that the copper is either incorporated into the TiO; lattice as
has been reported previously or that it forms amorphous or very small
(< 5 nm) nanoparticles.

XP spectra of the films, Fig. 3a), show that at higher concentrations
the majority of copper in the surface and near-surface region is in a Cu
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Fig. 3. Characterisation of the oxidation state of copper doped into TiO,. a) XP spectra of copper doped TiO, films.; b) XANES spectra of the Cu edge comparing the
doped TiO, films with copper ions in Cu metal, Cu,O and CuO standards; ¢) % composition of the bulk of the samples calculated from a deconvolution of the

XANES data.

(II) oxidation state but at low concentrations, it is in either the Cu(I) or
Cu(0) state. Reduction under the x-rays was ruled out by studying the
films before and after exposure to the x-rays over ~ 40 minutes which
showed no significant change to the Cu 2p peaks. Whilst the Cu Auger
peak is too weak to definitively differentiate between the 0 and +1
oxidation states in our catalysts, the likelihood is that Cu(I) is present in
the oxidative environment and this is consistent with Tseng et al.’s study
of Cu/TiOg sol gel synthesis [24] where Cu(I) was the dominant copper
species at the surface. The assignment to Cu(l) is confirmed by the
XANES measurements which show no evidence of Cu(0), they also show
that in contrast to the copper species in the surface region, the ions in the
bulk of the TiO, are predominantly Cu(Il), only at the lowest Cu con-
centration do Cu(l) states make any significant contribution to the total.
An interesting point is a lower intensity of the pre-edge feature in the Cu
(I) when incorporated into the TiO lattice compared with the CuyO
standard. The data in Trofimovaite et al.’s paper shows similar behav-
iour which they concluded indicated the presence of Cu(I) in environ-
ments structurally similar to those in mononuclear complexes. Kau et al.
reported a very detailed study of the Cu(I) edge feature and showed that
the intensity of this feature is diminished in compounds with higher

symmetry coordinations.

These results are also consistent with the view expressed by both
Colon et al. [10], and Gray et al [22]. that Cu(II) states are detrimental
for photocatalytic processes, acting as recombination centres whereas
Krishnakumar et al. suggested that increased activity could be ascribed
to Cu(ll) states creating oxygen vacancies in the TiO; lattice. Tseng et al.
[24], studied the effect of Cu/TiO, photocatalysts on the photoreduction
of CO, and noted an enhancement with the presence of Cu,O. More
recently, a study by Abegao [5] proposed that Cu(Il) ions are essential
for the photocatalytic reduction of CO, but they have only looked at
relatively high wt% loadings. Our data suggests that the presence of Cu
(II) does not enhance photocatalytic activity, rather it is conditions
where the Cu(I) state dominates that seem to be associated with highest
activity.

3.3. The effect of Cu doping on spin coating film thickness
Spin coating is a well-established, and highly reproducible method of

creating uniform films with well controlled thicknesses. For a Newto-
nian fluid, the film thickness is expected to decrease with the square root



S.H. Alsidran et al.

of the angular velocity [25,26]. However, suspensions containing dis-
solved polymers commonly exhibit non Newtonian behaviour due to
shear thickening effects and this behaviour was observed for all the
coatings examined in this study. At low speeds, where shear forces are
too weak to influence the coating, the expected dependence of thickness
on spin speed is observed but this changes abruptly for all the samples
with a spin speed being reached at which the film thickness is almost
independent of deposition speed. A “critical shear rate” can be estimated
from the intercept of a linear extrapolation of the two states; this is
illustrated for a the 0, 0.1 and 5 wt% Cu doped films in Fig. 4 and
summarised in Table 1 for different Cu concentrations. It is evident that
the presence of copper ions within the precursor solution reduces the
critical shear rate of the solution and hence film thickness, reducing the
thickness of the films formed. This can be attributed to an inhibiting
effect of the copper ions on the hydrolysis of the titanium butoxide,
reducing the viscosity of the solutions which results in a reduction in the
critical sheer rate spin speed.

All the films generated by spin coating show cracking in the calcined
film however, the coating morphology was not affected by the spin
speed or by Cu doping. Figure SI-1 for example shows a set of line
profiles recorded using optical profilometry, across a range of spin
speeds for a 1 wt% Cu doped film demonstrating the high level of con-
sistency across the range studied. The photocatalytic activity variation
discussed below is not therefore due to differences in the morphology of
the films.

3.4. Effect of deposition conditions on the photocatalytic activity of spin
coated films

Plotting the half life of the photocatalytic decomposition reaction in
the absence of copper doping against spin speed suggests some corre-
lation between the deposition conditions and a film’s activity, with a
slight maximum at ~ 3000 rpm, Fig. 5a. A similar trend exists for the
0.1 wt% doped sample; however, it is clear from the summary of data
that it is the extent of copper doping that most strongly influences the
rate of photocatalytic decomposition of stearic acid on the TiO; films.
Band gap measurements of a selection of films, Figure SI-3, show the
pure TiO3 and 0.1 wt% doped films have close to the expected TiO, band
gap of 3.2 eV for with no variation at different spin speeds, however the
5 wt% Cu doped samples exhibit significantly lower band gaps, that
decrease further with decreasing spin speed. Since we are using a single
wavelength of light (365 nm), to excite the samples, the change in band
gap of our catalysts cannot benefit the activity of the films. The decrease
in activity that is observed suggests that the copper ions in the samples
are acting as recombination points for the electron/hole pairs.

Plotting the half-lives against measured film thickness confirms a
trend of increased photocatalytic reaction rate for thinner films but its
noticeable that for the thinnest films there is a spread of activities which
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Table 1
Dependence of critical sheer rate on the concentration of copper in the coating
solution.

0.1 wt
%

0.5 wt
%

1wt
%

2.5wt
%

5wt
%

Copper doping: Undoped

Critical shearrate 2930 2894 2065 1890 2324 1527

(rpm)

was not apparent when plotted against spin speed. As noted above,
copper doping affects both the film thickness and the photocatalytic
activity of the deposited films but Fig. 5b) demonstrates that it is the Cu
doping level that has the most significant effect on the photocatalytic
activity, 0.1 and 0.5 wt% Cu films have consistent rates for a small range
of film thicknesses whereas the undoped films and the 1 and 5 wt% Cu
doped films have much lower activities even at comparable film thick-
nesses of ~ 15 pm.

4. Conclusions

In a thorough examination of the effect of Cu doping and deposition
conditions on the photocatalytic activity of spin-coated porous TiOg
films, we have shown that the porosity of the films is maintained with
deposition and can increase the rate of photocatalytic degradation of
stearic acid by a factor of up to x10. Depth profiling data from XPS
shows that even in the porous films the stearic acid doesn’t penetrate far
below the surface region and therefore transport of the oxidant to the
reaction site is the most likely explanation for the increased rate of
degradation. Deposition spin speed and hence film thickness has very
little influence on the activity of the films, instead, the largest influence
on activity is the extent of copper doping. Films with Cu concentrations
of between ~ 0.1 wt% and 0.5 wt% are much more active than undoped
films but this activity decreases as the copper level is increased and by
5 wt% Cu the activity is lower than that of the pure TiOs. The high ac-
tivity of the films appears to be associated with Cu(I) states in the surface
region of the films although XANES data strongly suggests that the
oxidation state of the majority of the copper in the bulk of the coatings is
Cu(ID). The results suggest that an effective strategy for creating practical
photocatalysts can ignore the thickness of the coated films and
concentrate on the robustness of the catalyst and the incorporation of a
promoter such as copper.
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