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Abstract

Brookite is the least investigated phase of TiO2 due to the synthetic difficulty of
obtaining the pure phase. Here, we present the first ever chemical vapour deposition
synthesis of pure brookite TiO> thin films. The films were highly crystalline and
phase pure as determined by X-ray diffraction and Raman spectroscopy studies.
Scanning electron microscopy studies showed the films to have a structured
morphology consisting of pyramidal features. The photocatalytic properties of the
brookite film, tested using stearic acid under UVA (365 nm) irradiation, were superior
to both an anatase film grown under similar conditions and NSG Activ™™ glass.
Transient absorption spectroscopy showed that the innate electron-hole recombination

dynamics are similar in brookite and anatase, akin to previous reports. The superior
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activity of the brookite film is hence attributed to the higher surface area compared to

anatase.



Introduction

Titanium dioxide (TiO) is a well known, stable and highly versatile semiconductor.!?
It is used for the purification of water and air through the photocatalytic degradation
of organic compounds.®* Purification occurs under ultraviolet (UV) illumination
where photoexcited electrons (in the conduction band) and holes (in the valence band)
initiate the generation of reactive oxygen species (ROS) that react with and
decompose organic pollutants.* Furthermore, UV irradiation of TiO, also induces
hydrophilicity of the surface therefore allowing application as self-cleaning and
antifogging surfaces.

TiO2 is commonly found in three crystal structures, the thermodynamically stable
rutile (tetragonal) form and the metastable anatase (tetragonal) and brookite
(orthorhombic) forms.> Due to the ease of synthesis and natural abundance, the rutile
and anatase phases have been prepared in both powder and thin film form by
numerous routes and have been well investigated for numerous applications.® With
respect to the photocatalytic activity of the polymorphs, although it is somewhat
controversial, the anatase phase is generally regarded as being more active than
rutile.5® However, despite the comparatively fewer reports on brookite, some have
reported higher photocatalytic activities than anatase, whereas other reports have
shown it to be inactive for certain photocatalytic processes (e.g. the degradation of
some dyes).®*2 Hence the photoactivity of brookite remains a controversial issue that
is not helped by the difficulty in producing phase pure samples in both powder and
thin film form.®** As a result, it is difficult to determine whether the photocatalytic
properties of the often rutile or anatase contaminated brookite samples are due to the
innate activity of brookite, or synergetic effects due to the coupling of polymorphs
(the most famous example being the synergetic interaction of anatase and rutile in the
commercial photocatalyst P25 Degussa; often considered the benchmark
photocatalyst).

In this paper, we demonstrate the first route to pure brookite thin films using chemical
vapour deposition (CVD). The films have been characterized by XRD and Raman
spectroscopy to determine phase purity. The photocatalytic activity of the brookite
film was determined by measuring the degradation of stearic acid under 365 nm
radiation and compared with an anatase film grown by CVD and a commercial self-



cleaning coating NSG Activi™. Transient absorption spectroscopy (TAS)
measurements were used to probe the kinetics of charge carrier recombination in the
presence and absence of a hole scavenger (methanol). State of the art computational
calculations were also used to give insight into the band structure of the CVVD brookite

film.



Experimental
Material and deposition procedure

Titanium butoxide [Ti(OCH2CH2CH2CHs)s] (99%), methanol were purchased from
Aldrich and used as received. Glass 150 x 45 x 40 mm SiO2 (50 nm) barrier coated
float-glass was used as substrates to deposit the thin films. The glass plates were
washed with acetone (99 %), isopropanol (99.9 %) and distilled water and dried in air
prior to use. [Ti(OCH2CH2CH2CHz)4] (0.5 g, 1.46 mmol) was dissolved in 20 ml of
methanol in a glass bubbler. An aerosol mist generated using a Johnson Matthey
Liquifog piezoelectric device. The mist was transfered to the reactor by nitrogen
(BOC Ltd., 99.99%) with (flow rate 1.4 L min™) and the deposition was carried out at
550 °C for 40 mins. Post deposition the reactor was left to cool under N2 to room
temperature before films were removed. A 500 °C anneal step in air was carried out to

remove any carbon contamination. A schematic of the set up is shown in Figure 1
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Figure 1: A schematic of the AACVD set up used to prepare the brookite thin films on glass
substrates.

Film Characterisation

X-ray diffraction (XRD) patterns were measured in a modified Bruker-Axs D8
diffractometer with parallel beam optics and a PSD LynxEye silicon strip detector.
This instrument uses an unmonochromated Cu Ka source operated at 40 kV with 30
mA emission current. The incident beam angle was set at 0.5° and the angular range
of the patterns collected was 10° < 20 < 65° with a step size of 0.05° counted at 1

s/step.



Scanning electron microscopy (SEM) was performed to determine surface
morphology and film thickness using a JEOL JSM-6301F Field Emission SEM at an
accelerating voltage of 5 keV.

Optical spectra were taken using a Perkin Elmer Fourier transform Lambda 950
spectrometer over a wavelength range of 190 nm to 2500 nm. This range encompasses
the ultraviolet (UV), visible and near infrared (NIR) regions. The spectra were

referenced against an air background.

X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Scientific K-
alpha photoelectron spectrometer using monochromatic Al-K, radiation. Survey scans
were collected in the range 0-1100 eV (binding energy) at a pass energy of 160 eV.
Higher resolution scans were recorded for the main core lines at a pass energy of 20
eV. Valence band spectra were also recorded. Peak positions were calibrated to

adventitious carbon (284.5 eV) and plotted using the CasaXPS software.
Computational Section

The Vienna ab-initio Simulation Package (VASP)**"was used to carry out hybrid
density functional theory (hDFT) calculations on the electronic and structural
properties of brookite TiO2(Pbca). Hybrid functionals have been shown to accurately
predict and describe the electronic structures of known structures in comparison to
experiment®®24_in particular, the HSE06%>?%(Heyd-Scuzeria-Ernzerhoff) functional
has be known to describe the electronic properties of TiO2 polymorphs well. 22731
HSEOQ6 aims at solving the self-interaction error (SIE) inherent to standard functionals.
The exchange interaction is split into a long range (LR) and short range (SR) part,
with 25% of exact non-local Fock exchange substituting the short-range PBE
(Perdew-Burke-Ernzerhoff)®? functional. The Coulomb potential is also split into long

range and short range terms with a screening factor of 0.207 A-lgiving:

HSE0O — pHSEO06,5R PBE,LR PBE
E"Y = Ey + E, + E;

Where

1 3
EHSE06SR _ — pFockSR | = pPBESR
4 4



The Projector Augmented Wave Method (PAW)*® was used In order to describe the
interactions between the valence electrons and the core electrons (Ti:[Ar] and O[He]).
A T'-centred k-point mesh of 3x5x5 and a plane wave cutoff energy of 520eV was
deemed to be sufficient for convergence for the 24 atom cell of brookite TiO2 (shown
in Figure 2). The structural optimisation carried out on the system involved a
relaxation of the lattice vectors, cell angles, atomic positions and the cell volume.
Convergence was deemed to be complete when the forces on all the atoms were less
than 0.01eV A Following this, density of states (DOS) and band structure
calculations were carried out. Valence band X-ray photoelectron spectroscopy (XPS)
was simulated via weighting the calculated DOS using the atomic orbital
photoionisation cross-sections formulated by Yeh and Lindau3* which can be directly
compared with experiment. In order to match the experimental broadening, a
Gaussian broadening of 0.47eV was applied. This approach has displayed accurate

accounts of the electronic states that make up the XPS data.?+%>38
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Figure 2: The unit cell of brookite - TiOz2(Pbca). The blue spheres represent Ti atoms and the
dark grey spheres represent O atoms. The unit cell boundaries are shown with a dashed black
line.

Photocatalytic activity

The films were cleaned in propan-2-ol, oven dried and coated with a stearic acid (0.05
M solution in chloroform) layer via dip coating. The photocatalytic activity of the

films was monitored by Fourier transform-infrared (FT-IR) spectroscopy using a



PerkinElmer RX-I instrument. The IR spectrum of each acid-over layer was recorded
over the range 3000 — 2700 cm™! and the areas of the peaks between 2950 and 2870
and 2870 and 2830 cm™! integrated. Previously, Mills and Wang measured the change
in area of the C-H stretches of stearic acid coatings using infrared spectroscopy
(between 2700 — 3000 cm™).®® They found a linear relationship between the area of
the C-H stretches in stearic acid coatings, as measured by infrared spectroscopy, and
the amount of stearic acid deposited (9.7 x 10*® molecules cm? =1 A.cm™). Using
this relationship, we were able to quantify the amount of stearic acid deposited onto
our films by dip-coating, which showed little variation from sample to sample;
ranging from 3.49 A.cm on brookite to 3.65 A.cm™ on the glass control (i.e. ~3.4 x
10% molecules of stearic acid per cm? on brookite and ~3.5 x 10 molecules of
stearic acid per cm? on the glass control). Samples were irradiated using a 365 nm
UVA lamp. At select intervals, the IR spectrum was recorded over the same range
3000 — 2700 cm™'. Using the relationship above, the change in stearic acid was
determined, and converted into a photocatalytic rate (stearic acid molecules
degraded.cm?2.s1).40 The power of the UVA lamp was measured using a UVA
radiometer equipped with a UVX-36 sensor (I = 3.0 mW.cm™). The photon flux was
determined (~5.5 x 10'° photons.cm.s) and used to determine the formal quantum

efficiency of the reaction (molecules of stearic acid degraded per incident photon).
Transient absorption spectroscopy

Transient absorption spectroscopy (TAS), from the microsecond to second timescale,
was measured in either transmission or diffuse reflection mode. Brookite samples
were highly scattering, and were measured in diffuse reflection mode. Anatase
samples were highly transparent, and were measured in transmission mode. A
Nd:YAG laser (OPOTEK Opolette 355 Il, 7 ns pulse width) was used as the
excitation source, generating 355 nm light from the third harmonic transmitted to the
sample through a light guide (~6 ns pulse width). An excitation power density of ~1.5
mJ.cm? and laser repetition rate of either 0.65 Hz or 0.35 Hz was used for
measurements in argon or methanol degassed with argon respectively. As the photo-
induced change in transmittance/ reflectance were low (< 1%), we assumed that the
transient signal was directly proportional to the concentration of excited species. The
probe light was a 100 W Bentham IL1 quartz halogen lamp. Long pass filters (Comar

Instruments) were placed between the lamp and sample to minimize short wavelength



irradiation of the sample. Diffuse reflectance from the sample was collected by a 2”
diameter, 2” focal length lens and relayed to a monochromator (Oriel Cornerstone
130) to select the probe wavelength. Time-resolved intensity data was collected with a
Si photodiode (Hamamatsu S3071). Data at times faster than 3.6 ms was recorded by
an oscilloscope (Tektronics DPO3012) after passing through an amplifier box
(Costronics), whereas data slower than 3.6 ms was simultaneously recorded on a
National Instrument DAQ card (NI USB-6251). Each kinetic trace was obtained from
the average of between 100 — 250 laser pulses. Acquisitions were triggered by a
photodiode (Thorlabs DET10A) exposed to laser scatter. Data was acquired and

processed using home-built software written in Labview.

Results and Discussion

Thin films of crystallographically pure brookite phase TiO, were synthesisied by
aerosol assisted chemical vapour deposition on glass substrates at 550 °C from the
reaction of titanium butoxide (0.5 g, 1.46 mmol) and methanol (20 mL). It was found
that the methanol was not only the solvent used to generate the aerosols but also an
active reagent in the AACVD reaction. Depositions carried out under the same
conditions, but with solvents such as toluene, hexane and ethanol produced only the
expected anatase phase at the substrate temperature of 550 °C. Previous AACVD
studies have found that the use of methanol as a solvent can produce unexpected
results, for example Crick and Parkin found that the use of methanol and copper
nitrate resulted in the formation of metallic Cu films whereas the use of other solvents
(such as ethanol) produced Cu20 and Cu-CuO composite films.** They attributed this
observation to the in situ production of hydrogen catalyzed by the Cu films. From
literature, almost all brookite formation has occurred via hydrothermal techniques and
the mechanism for formation has not been resolved.*? There are reports that basic*?
and acidic**#4conditions are necessary for successful brookite synthesis. From the
AACVD results here, the mildly acidic conditions due to the methanol solvent may

have helped to obtain phase pure films.

The brookite films were hazy white in appearance and well adhered to the substrate

passing the Scotch™ tape test.*®



X-ray diffraction (XRD) performed on the films showed Bragg reflections between 10
and 65° 26 matching only the orthorhombic brookite crystal structure (JCPDS no. 29-
1360) (Figure 3a) with texture coefficient calculations indicating a preference for
growth in the (111) and (210) planes. Lattice parameters determined through HSEO6
calculated results showed excellent agreement with literature results (< 0.4%
difference) as shown in Table 1.4

Table 1: The calculated HSEQ6 structural parameters for brookite TiO2. Experimental results*
are shown in brackets.

a (A) b(A) c(A) o=p=y (°)
TiO2 90.21(9.17) 546 (5.44) 5.15(5.14) 90 (90)

It is important to note that the (210) and (111) reflections of brookite at 25.25° and
25.72° overlap heavily with the anatase (101) reflection 25.28°.4" Therefore it can be
difficult to determine phase purity from simply matching the collected data to the
standard pattern XRD.

In addition to this, Raman spectroscopy, which is very sensitive to the presence of
brookite, was used to remove any further doubt about the phase purity of the brookite
films grown by CVD (Figure 3b). The Raman spectrum shows 15 vibrational bands
that belong to the four (Aig, Big, Bag and Bsg) active modes of brookite.*® No peaks
corresponding to anatase or rutile were observed. In an effort to avoid any doubt, the
Alg peak observed in the brooktie sample was modelled to determine the accurate
peak position to be 151.00 cm™. This matches well with literature reports for the
brookite principle Alg band at 152 cm™.%° The value, although close, is sufficiently

different to the closest anatase band (Eg) that appears at 141 cm™.%°
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Figure 3: a) XRD, b) Raman, c¢) Ti 2p XPS spectrum and d) SEM image of the brookite phase
thin film grown via AACVD.

X-ray photoelectron spectroscopy (XPS) showed the Ti 2p binding energies
corresponded to Ti**, with the 2ps» and 2pa. peaks centered at 457.9 and 463.6 eV

respectively (Figure 3c). No secondary peak for Ti%* was observed.

The morphology of the film was seen via scanning electron microscopy (SEM) and is
shown in Figure 3d. The surface of the brookite film is composed of narrow
pyramidal features protruding from the substrate. This is different to the compact
dome morphology typically observed in anatase TiO. grown by CVD. This is
however very similar to the surface structure previously observed in TiO2-SnO;

composite films grown by Carmalt et al.>!

The protruding features observed in the brookite film are too small to scatter near
infrared light as evidenced from UV-visible absorption spectroscopy (Figure 4a), and
shows ca. 80% transmittance above 1500 nm. However, the features are large enough

to scatter visible wavelengths, and hence shows a dip (down to 55%) in transmittance



in the visible region and thus explains the hazy white appearance of the films. The
sharp drop in intensity at 365 nm corresponds to a direct band gap of 3.4 eV, as

determined via a Tauc plot.

The calculated band structure for brookite is shown in Figure 4b and displays a direct
band gap of 3.45 eV at the I' point. This result is in excellent agreement to the
experimental optical band gap determined for the AACVD grown brookite film.
Furthermore the HSEOQ6 calculated band gap is consistent with the range of band gap
values seen in experiment (3.26-3.40 eV)527475253 (shown in Table 2) as well those
seen in theory studies (2.38 — 3.86 eV)"?"°*5 The PBE’™ (Perdew-Burke-
Ernzerhoff)® DFT results are the lowest of the calculated band gaps and the
underestimation of the band gap is typical from this approach. The variation between
the two different PBE studies is due to the use of DFT+U by Zhu et al.>® where U
refers to a Hubbard-like “U” parameter which introduces a penalty for partial
occupation at a site. Interestingly from the three HSEO06 results (this work included)
no consistent agreement is seen between the band gaps. The explanations for the
differing result from the work by Buckeridge et al.?’ is that experimentally determined
lattice parameters and ionic positions were used in the analysis of the electronic
properties of brookite, compared to a full ionic and volume optimisation carried out in
this work. The 3.3 eV band gap calculated by Landmann et al.” could be due to the
use of a lower plane-wave energy cutoff. From all the methods tabulated in Table 2,
the PBE + GoWo (Green’s Function calculation of the electronic states on top of a
structural optimisation carried out with PBE) matches our predicted band gap at 3.45
eVv.
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Figure 4: a) UV-vis spectrum (including Tauc plot as inset) and b) band structure using the
hybrid HSEQ6 functional. The calculated c) Density of States (DoS) and d) the valence band XPS
(VB-XPS) for brookite — TiO2 with the simulated XPS overlaid in blue calculated with the HSE06
functional. In each diagram the valence band maximum (VBM) is set to 0 eV. In b) the valence
band is coloured blue and the conduction band is coloured orange.

Table 2: Calculated and experimental band gaps from a range of techniques in the literature on
brookite - TiO2

Method Eg (eV)
Extended Hiickel Theory>* 3.14
PBE (+U)"55 1.86, 2.38
PBE + GoWo' 3.45
HSE06"2 3.30, 351
HSE06 + GoWo’ 3.68

GW® 3.86




This work 3.45

Experiment®47:5253 3.26,3.29,3.31, 3.4

The electronic density of states (DoS) for brookite is shown in Figure 4c. As with all
polymorphs of TiOz, the valence band maximum (VBM) is primarily dominated by O
p states mixing with negligible Tip and d states (~ 4%) whereas the conduction band
minimum (CBM) is made up of Ti d states (~ 96%) with minimal O states. These
results are consistent with previous DFT calculations on brookite and TiO:
polymorphs.??’ The simulated valence band XPS (VB-XPS) weighted using the
atomic orbital photoionisation cross-sections formulated by Yeh and lindau®* is shown
alongside the experimentally determined VB-XPS in Figure 4d. The simulated data is
in excellent agreement with the experimental data displaying a peak width of ~ 6 eV
with a small trough at ~ 5.5 eV corresponding to a lack of density of states at that

region.

Interest in brookite as a water splitting photocatalyst has grown, and can be attributed
to the favourable positions of its band edges with respect to the redox potentials of
water. A comparison with the other polymorphs of TiO, shows that brookite has a
CBM higher in energy than both anatase, rutile and (more importantly) the reduction

potential of water (Ha/H0).2747:%6

The photocatalytic properties of the brookite film was measured under UVA (365 nm)
illumination (I = 3.0 mW.cm?) for the degradation of stearic acid (Figure 5a). Stearic
acid is a widely used and the preferred method to determine the photocatalytic activity
of photocatalytic films.3® This is due to its stability under UV irradiation and a model

compound for solid films that form on exterior and interior surfaces.*

A stearic acid destruction rate of 3.31 x 10* A.cm™.s? was calculated from the
reduction in area of the characteristic C-H stretches observed over the 2700 — 3000
cm™ range with irradiation time. A control glass slide coated with stearic acid was
also tested to take into consideration any loss of stearic acid that may be caused by
evaporation or photo-induced degradation; no significant change in stearic acid
concentration was found on the control, similar to previous observations by Mills and

Wang.® The brookite film showed a formal quantum efficiency of 5.81 x 10*



molecules per incident photon (Figure 5b). As each photon creates two charges (an
electron and a hole), that can either directly or indirectly degrade stearic acid (via
radicals etc), and given stearic acid takes 104 electron transfers for each molecule to
be degraded, this means that the FQE of brookite can be expressed as 5.81 x 10 x
(104/2) = 3.02 x 102 charges that take part in photocatalysis per incident photon or
rather, 3.02 % of charges take part in photocatalysis per 100 incident photons. The
brookite film was almost four times superior than an anatase film (1.17 x 10*
molecules per incident photon) grown under similar conditions. Furthermore, the
brookite film showed more than twice the activity than commercial self-cleaning glass
(2.64 x 10 molecules per incident photon), NSG Activ™ — the industry benchmark
thin film photocatalyst that is often used as a comparison when investigating the

photocatalytic properties of thin films.

To our knowledge, the precise mechanism by which stearic acid is photocatalytically
degraded by TiO2 is not known. As such, a general photocatalytic mechanism is
assumed, whereby photo-generated holes oxidize surface bound OH groups, or water,
to hydroxyl radicals (OH") and photo-generated electrons reduce di-oxygen into
superoxide (O2™), which may further react with water to form a range of radical
species and compounds (such as HO2", HO2, H.0, and possibly OH").>" These
radicals, formed on the surface of TiO2 under ambient conditions in the presence of
UV light, can oxidize organic matter in the vicinity of TiO2 into mineral acids and
carbon dioxide (when oxidized to completion).
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TiO, anatase and rutile phases are well known for their photoinduced
superhydrophilicity (Figure 6). Surprisingly the brookite film showed a remarkably
low contact angle with water prior to any irradiation, whereas the anatase film grown
under similar conditions showed the expected ca. 70° for TiO2 prior to UVA
irradiation. Non-UV irradiation induced superhydrophilicity has been observed
previously for TiO2 systems with many finding the surface roughness of the films to
be the primary cause.®®® This is possibly the case here too, with the natural
hydrophilicity of the brookite film further enhanced by the high surface roughness.

a) b)

Figure 6: The water contact angle on a) brookite b) anatase TiO: thin films grown under via
AACVD prior to any irradiation with a light source.

Transient absorption spectroscopy (TAS) is a form of laser flash spectroscopy that can
be used to monitor the generation, recombination, trapping and charge transfer events
of photo-generated charges in semiconductors.®* The dynamics specific to photo-
generated electrons or holes can be studied by tracking transient changes in
absorbance at particular wavelengths.* Using TAS, we measured the innate charge
carrier recombination dynamics of brookite in argon, as well as the reactivity of holes
with a scavenger; methanol. The kinetics of the reaction of photo-generated holes
with methanol® is several orders of magnitude faster than their reaction with water*;
therefore, hole scavenging more effectively competes, and thereby inhibits, electron-
hole recombination. This has been used to great effect in studying the water splitting
reaction on colloidal photocatalysts, where methanol is used as a chemical scavenger

of holes, allowing photo-generated electrons to reduce water to form hydrogen.53

The electron-hole recombination dynamics in brookite, and spectral features (Figure
S4), were similar to previous studies of mesoporous films of brookite,% where
electron-hole recombination showed a tsos (time to reach 50% of the signal from the

start of the measurement; 10 ps) of ~ 100 ps. The recombination Kinetics in our



anatase film were measured for comparison (Figure S5). Analogous to brookite, our
anatase samples showed a tso, Of ~100 ps, which showed that electron-hole
recombination in these two distinct polymorphs occurs at a similar rate. However,
when the hole scavenger methanol was added, a substantial effect was only observed
in our brookite sample (Figure 7). This resulted in a longer lived signal, attributed to
concomitant electron carriers that remain in the material. No significant hole
scavenging effect was observed in our anatase sample. We should make it clear that
this was not because holes in anatase cannot be scavenged strongly by methanol,
indeed they can, where nanopowders or mesoporous structures often show a strong
hole scavenging effect.®2646> However, in the case of a flat and dense sample, the
quantum vyield of this interaction is too low to see a hole scavenging effect (as bulk

electron-hole recombination dominates).®

Overall, our TAS results show that the innate electron-hole recombination dynamics
are similar in brookite and anatase, akin to previous reports.64® Therefore,
the higher photocatalytic activity of our brookite sample cannot be attributed to an
innate increase in charge carrier lifetime compared with anatase. Rather, owing to the
higher surface area and nanostructure of brookite, a higher proportion of charge
carriers are generated at the surface, and can react with species at the surface (i.e.
methanol in the case of our TAS experiments). In the case of anatase, its highly flat
and densely packed structure meant that a high proportion of charge carriers were
formed in the bulk, which cannot reach the surface and react (due, in part, to the poor
mobility of holes in TiO).5* Atomic force microscopy (AFM) measurements did
indeed show the surface area of the brookite film to be larger at 44.5 um? compared to

the 29.1 pum? measured for anatase (Figure S6).

Previous studies have shown that stearic acid is completely photocatalytically
oxidized into carbon dioxide and water on TiO2 surfaces.** The FQE observed in the
photocatalytic oxidation of stearic acid on our brookite films was approximately ~3%
per incident photon, which means that ~97% of photo-generated charges recombine
before taking part in photocatalysis. This can be attributed to the competing
timescales of electron-hole recombination, and the formation of radicals at the surface
of TiO2 through reactions of photo-generated charges with water and oxygen.>’ Our
transient absorption spectroscopy studies showed electron-hole recombination

occurred with a tsoy 0f ~100 ps, measured from 10 ps, in both anatase and brookite.



Previous studies of anatase TiO» show that photo-generated electrons react with

oxygen on the ms timescale,®’

and photo-generated holes react with water on a
similarly slow timescale.* As electron-hole recombination occurs on faster timescales
than the reaction of photo-generated charges to form surface radicals, recombination
dominates; resulting in the low FQEs observed herein. However, it should be noted
that the films studied herein show more than double the FQE previously observed by
Kafizas et. al. for anatase TiO films grown using a sol-gel route (FQE ~2.4 x 10*

molecules per incident photon).®
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Figure 7: Transient absorption decays in brookite (left) and anatase (right) in argon (Ar) or
methanol (MeOH). Decays were measured at a probe wavelength of 700 nm, 100 ps after a laser

pulse (laser = 355 nm, ~1.5 mJ.cm2 per pulse, 6 ns pulse width).

Conclusion

In this paper, phase pure brookite TiO, films synthesized via CVD were tested for
their material and photocatalytic properties. The brookite films showed superior
photocatalytic activity in the destruction of stearic acid compared to an anatase film
grown under similar conditions and to NSG Activ. As TAS results showed that since
the electron-hole recombination dynamics are similar in both brookite and anatase the
higher photocatalytic activity of brookite was attributed to the more structured
morphology giving rise to a higher surface area. State of the art hybrid density
functional theory calculations revealed a direct band gap for brookite at 3.45 eV
which matched well with experimental results (3.4 eV).
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