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Abstract

Photo-catalytic performance for oxide films, here for inkjet-printed TiO> (ca. 1 um
thickness on FTO) and for spray-pyrolysis-coated Nb,Os (ca. 1 um thickness on FTO), is
affected by oxygen vacancies that form during vacuum-heat treatment at 550 °C. The
effects of the oxygen vacancies are associated with formation of Ti(III) and Nb(IV) sites,
respectively, and therefore optically visible as “grey” coloration. Photo-electrochemical
light-on-off transient experiments are performed in the limit of thin film photoanodes,
where front and back illumination result in the same photo-current responses (i.e. with
negligible effects from internal light absorption gradients). It is shown that generally the
magnitude of photo-currents correlates linearly with light intensity, which is indicative of
dominant “photo-capacitive” behaviour. At an applied voltage of 0.4 V vs. SCE (in the
plateau region of the photo-current responses) the potential and also the pH (going from
1.0 M KOH to 0.1 M HCIOq4 in the presence of methanol quencher) have no significant
effect on photo-currents; that is, surface chemical/kinetic effects appear to be unimportant
and interfacial hole transfer may be rate limiting. Under these conditions (and based on a
simplistic mechanistic model) changes in photo-currents introduced by oxygen vacancy
doping (detrimental for TiO> and beneficial for Nb,Os) are assigned primarily to changes

in electron mobility.
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1. Introduction

Semiconductor film electrodes, usually poly-crystalline and mesoporous, are now
commonly employed in photo-electrochemical devices such as photovoltaic cells [1],
photogalvanic cells [2,3], in solar water splitting [4], artificial solar electrosynthesis [5], or
in solar carbon dioxide reduction [6]. Many new types of materials [7] and architectures
[8] have been developed to enhance performance, provide better sustainability [9], or to
lower costs. Methods to further tailor semiconductor performance include chemically
embedding dopants [10,11], physical doping (for example by hydrogen treatment [12],
plasma treatment [13], or by vacuum annealing [ 14]), surface modifications [15,16], crystal
orientation [17,18,19,20] and crystal engineering [21], or layering of materials [22]. Some
materials such as TiO (as originally proposed by Honda [23]) remain highly interesting
and subject to intense study, whilst other systems such as Nb2Os (initially studied by
Diquarto [24]) provide more niche solutions, based for example on the natural availability
of niobia in particular in mines in Brazil [25]. Further study of these materials is often

driven by the need to better unravel the complex link between electronic/structural
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properties, mechanism, and photo-electrochemical performance. Here, a mechanistic
analysis is attempted (in the limit of very thin films) for contrasting the behaviour of thin

films of TiO2 and Nb,Os before and after vacuum doping.

Multiple factors affect photo-reactivity of mesoporous oxide films of which electron (or
hole) mobility and rates of recombination/chemical processes are particularly crucial. The
associated rate constants for these processes are usually assumed “ideal”’; but in reality they
may depend on location in the bulk or at a surface, on direction of transport within crystal
domains, dispersion of properties, or on particular surface facets or sites. In a very
oversimplified manner (and avoiding the classical band model for bulk semiconductors
[26]), for a thin film of nano-material of thickness Jrim (assuming fully shielded conditions
— pores flooded with electrolyte [27] — so that effects of migration and potential gradients

can be ignored), it is possible to approximately express the transport layer for electrons

reaching the substrateloxide interface, Oransporte = +/2Dt, and for holes reaching the

oxidelaqueous electrolyte interface, dransporth = 4/ 2Dyt [28]. Reaction layer dimensions can
be assigned based on reaction of holes with first order rate constant k. (for oxygen

evolution) at the surface, Jreactionh =/ Dn/k., and based on electrons recombining with

holes via second order kinetics, drecombination.e =/ De /Krechtp, (0ften assumed is a low steady

state concentration nn to give pseudo-first order). However, the relative relevance of these
parameters in the overall mechanism is not immediately apparent and needs further
investigation in the context of a simplified model. Figure 1 shows a cartoon with some
light-on and light-off transient processes (others are possible) leading to either hole or

electron concentration build-up in the film (vide infra).
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Figure 1. Schematic drawing of the formation of holes and electrons upon photo-excitation
of thin film oxides on an electrically conducting substrate. (A) Light-on process with
electrons being more mobile leading to some capacitive charging. (B) Photo-stationary
state limited by the surface reaction and oxygen evolution. A positive net charge layer
develops close to the substrate and a negative net charge layer develops close to the solution
phase. (C) Light-off transient based on residual charge carriers being collected at the
substrate.

Due to the second order nature of the recombination process, hole and electron
concentrations are coupled, and this can lead to complexity in concentration profile
changes for holes and electrons during light-on and light-off transients. Doping is often
reported to affect De. (due to a change in electron mobility), kwc (due to additional
recombination sites), and/or k. (due to changes in surface states), but in reality other
additional parameters/effects may also have to be taken into account. Currently there are
very limited diagnostic tools or criteria available. This study introduces light intensity as
diagnostic tool and re-considers some of the effects of doping induced by vacuum
annealing for thin oxide films. It attempts a qualitative analysis based on both, photo-

current transient shape and light intensity effects. Oxygen vacancy doping via vacuum

annealing is considered for two types of oxide thin films: ink-jet printed titania (TiO2) and



spray-pyrolysis-coated niobia (Nb2Os), both annealed in air at 550 °C and then treated via

vacuum annealing at 550 °C.

Vacuum annealing is known to cause significant changes in reactivity, for example in
hematite films [29], and has been employed for enhancing conductivity and/or photo-
electrochemical performance in many oxide materials [30,31]. The effects are due to
oxygen removal from the solid state crystal lattice associated with defect states. For titania,
TiO2, (and in particular for anatase, which has been extensively studied as semiconductor
material [32]) oxygen vacancy doping has been induced by reducing conditions [33]. The
formation of “black” or reduced TiO; has been reported for example after treatment with
aluminium [34], magnesium [35], hydrogen [36], borohydride [37], by annealing in inert
atmosphere [38], or via laser treatment in water [39]. Black titania has recently been
reported to allow photochemical conversion of CO2 to methane [40]. The surface of titania
is reported to become more catalytically active [41], but bulk conductivity also is affected
[42,43]. Also “grey” titania has been reported to perform well under photo-catalytic

conditions [44].

Niobia, Nb,Os, represents one of an extended family of niobium oxide materials and phases
[45]. The chemical [46] and (photo-)electrochemical properties [47,48] of Nb2Os have been
reported. Nb2Os can be prepared via soft chemical routes [49] and has been employed for
example in switchable photo-chromic windows [50]. Carbon-doped niobia with improved
photocatalytic activity was obtained with a flame-pyrolysis approach [51]. The observation

of “black” Nb>Os with improved photo-electrochemical water splitting performance was



reported for example by Cui and coworkers [52]. Black niobia is obtained with aluminum
as the reducing agent [53], the reduction of Nb>Os associated with increased electrical
conductivity has been observed after heating in hydrogen atmosphere [54], and also
thermal vacuum-annealing has been reported to convert Nb(V) to Nb(IV) [55]. It seems
plausible that similar effects are important for both TiO> and for Nb>Os when oxygen

vacancies are generated.

One way to introduce oxygen vacancies and thereby to condition or modify thin
semiconductor films based on oxides is vacuum annealing. This method combines thermal
activation of defect mobility with lower oxygen partial pressure to extract oxygen from the
surface of the oxide material. As a result, pairs of defects are formed at the surface, which
then diffuse into the oxide material to provide dopant/defect sites. In particular for TiO>
this is well-documented, and it has been shown to result first in beneficial effects on photo-
activity (at moderate doping level) and second in detrimental effects due to over-doping
[56]. The two counter-acting phenomena most often discussed within the context of oxygen
vacancy doping are improved electron conductivity and enhanced recombination. In this
report the behaviour of two types of thin oxide films are contrasted before and after
vacuum-annealing: TiOz and Nb2Os. It is suggested that changes in electron conductivity
are primarily responsible for changes in photo-currents. With the help of an electron/hole
diffusion model the importance of other reaction parameters (such as hole mobility) in

limiting the maximum photo-current is investigated.



2. Experimental

2.1. Chemical Reagents

Chemical reagents were of analytical grade, and were used directly without further
purification: ammonium niobate(V)oxalate hydrate, C4H4sNNbOy - x H>O (Sigma-Aldrich,
99.99%); Brij® 010, CisH3s(OCH,CH2),OH (Sigma-Aldrich); KOH (Sigma-Aldrich,
85%); perchloric acid, HC1O4 (Sigma-Aldrich, 70%); methanol, CH3;OH, (Sigma-Aldrich,
99.8%); Ti(IV)(isopropoxide)s (97%, Sigma-Aldrich); dimethoxyethane (anhydrous,

99.7%, Sigma-Aldrich).

2.2. Electrochemical Measurements

For electrochemical measurements an Autolab PGSTAT30 system was employed in three-
electrode configuration with platinum wire counter electrode and KCl-saturated calomel
(SCE) reference electrode. Photo-electrochemical measurements were performed in an
electrochemical cell. The working electrode was either white or grey TiO2 or Nb2Os
deposited on fluorine-doped tin oxide (FTO) substrates. The electrolyte was either 1.0 mol
L' KOH pH 13.74, or 1.0 mol L"! KOH with 0.5 mol L"! CH30H, or 1.0 mol L"! CH3;0H
in 0.1 mol L' HCIO4. The electrodes were back-side or front-side illuminated with LEDs
(Thorlabs, UK) as a function of intensity and at two different wave lengths, 385 and 450

nm.



2.3. Procedures

White and Grey TiO: Film Preparation. In order to deposit TiO2 on a FTO substrate
(obtained from Image Optics Components, Basildon, UK) by a piezoelectric inkjet printer,
a Microfab Jetlab 4 was used at room temperature under ambient atmosphere with a 50 pm
diameter nozzle. Printing was conducted using an applied voltage of 35 V, with a 36 us
pulse width and a frequency of 500 Hz. A drop spacing of 0.1 mm was used for all TiO»
inks, with a print speed of 6 mmps. A TiO> ink containing the following composition was
initially prepared: 0.15 cm® of Ti(IV)isopropoxide and 0.25 cm® dimethoxyethane in 4.6
cm’ isopropanol resulting in an ink of 0.1 M Ti(IV)isopropoxide with 5 eq.
dimethoxyethane in an isopropanol carrier vehicle. The photo-anodes printed containing
10 passes (printed in 10 layers) were annealed in air at 550 °C for 3 h, and another set were

annealed under vacuum at 550 °C for 3 h. TiO; films were obtained with typically 1 um

thickness (Figure 2A-C).

White and Grey Nb20s Film Preparation. Ammonium niobate(V)oxalate hydrate (1.0
g) was dissolved in a mixture containing 1 cm® of Brij® 010 dissolved in 10 cm® of
deionized water. The resulting mixture was stirred for 30 min, and then used to obtain
Nb2Os films by spray pyrolysis. A sprayer (compressed air driven, Gocheer 100-250 V
dual action airbrush) with the head nozzle at a height of 9 cm from the substrate was used
to spray nearly for 1 second onto a FTO substrate, which was on a hotplate at 160 °C.
Solvent was allowed to evaporate for 30 seconds. In order to increase the thickness, this

procedure was repeated. Subsequently the films were annealed in air at 550 °C for 3 h, and



treated in vacuum at 550 °C for 3 h. Nb2Os films were obtained with typically 1 pm

thickness (Figure 2D-F).

Digital Simulation. In order to explore charge diffusion during light-on and light-off
transients, a Fortran programme was written and executed on a Vostro PC with 64-bit

operating system and 3 GHz processor in Mathlab R2017b environment.

white TiO, white Nb,O,

Figure 2. Scanning electron microscopy (SEM) images for (A,B,C) white and grey TiO>
and (D,E,F) white and grey Nb»Os. Insets show optical photographs of thin films on FTO
substrates.
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Characterization of White and Grey TiO:2 and Nb20s Films. X-ray diffraction (XRD)
data for both materials were obtained on a Rigaku DMax 2500PC X-ray diffractometer
with CuKa wave length radiation of 1.54 A, which was produced at an accelerating voltage
of 40 kV and with a beam current of 150 mA. The 20 range scanning was from 5 to 110°
at a scanning rate of 1° s”!, and at a step of 0.02°. Phase identification was carried out using
the Crystallographica Search-Match Version 2.1.1.1 software. The microstructure analyses
for both materials were also conducted with a Raman spectrometer Bruker Senterra using
a laser with a wavelength of 532 nm and a power of 5 mW. Each spectrum was obtained
in a range from 50 to 1540 cm™ and a spectral resolution of 3-5 cm™'. The scanning electron
microscopy (SEM) images were obtained on a Zeiss-Supra 35, which was applied to
investigate the morphology and the topology of the films. To estimate the optical band gap
of the materials, UV-Vis spectra were recorded using a Varian Cary 5G UV-Vis-NIR

spectrometer at the diffuse reflectance mode.

3. Qualitative Theory

Although partial analytical solutions for limiting cases of the complex mechanism for
photo transients in thin film oxides have been proposed, there are many inter-dependent
parameters to explore. Therefore, simplifying assumptions are commonly introduced, such
as treating recombination as pseudo-first order process. Here, a simplistic digital simulation
approach is employed (assuming diffusion and reaction of holes and electrons as chemical
species and not considering different electron or hole energies) to maintain some of the

complexity (e.g. the second order nature of recombination and geometry effects on
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recombination) of the multi-parameter analysis and to develop a better (at least qualitative)
picture of processes and of concentration gradients within thin mesoporous oxide films
under illumination. Approaches to transient shape analysis for photo-transients have been
previously developed, for example by Peter and coworkers [57] and can be based on two
fundamental continuity equations (equation 1 and 2) with terms for light absorption,
diffusion of electrons and holes, a second order recombination term, and a chemical term

for a first order reaction consuming holes.

one 9°n,
ot =aly + D, 9x2 krecneny (1)
6Tlh 62nh
ot =aly + Dy, 9x2 krecnenn — keny (2)

In these equations the concentrations of holes and electrons, nn and #e (in mol m™), are
linked to the extinction coefficient o (in m''; the inverse of the penetration depth), the light
intensity /o (in mol m? s, the diffusion coefficients De and Dy, (in m? s™1), the rate constant
for recombination ke (in mol'm3s!), and the rate constant for the chemical reaction of
holes, k. (in s'). Although some of these processes are clearly heterogeneous, the model
assumes fully shielded and quasi-homogeneous conditions (based on the small size of
individual nanoparticles) to give average concentration profile information. This model
still leads to considerable complexity, and therefore the diffusion coefficients are fixed
(here De = 107" m?s! and Dy = 10" m?s’!; the considerable difference in diffusion
coefficients for electrons and holes is assumed to be in part linked to differences in lattice
reorganization energies) so that significant currents are produced only by electron

diffusion. The mobility of holes is intentionally chosen so low that direct effects from holes

12



on the current response are here eliminated. Holes are likely to be driven (by dielectric

stabilization) over short distances to the oxide | aqueous surface. Their life time is linked

to the kwc parameter. The interfacial flux D

]
ane at the boundary of substrate electrode to

pe

oxide film multiplied by F' (the Faraday constant) and 4 (the area) is employed to express

the current [58].
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Figure 3. Data from digital simulation for three consecutive light-on-off photo transients
for De = 10713 m?s™!, Dn = 10" m?s™!, o = 107 mol m?s!, o= 10° m™! and (A) kiec = 10°
mol'm’s!, varying kc; (B) ke = 10° s, varying krec; (C) ke = 10° s}, krec = 10° mol'm?s!,
varying De (insets showing concentration profiles); (D) k¢ = 1 57!, kiec = 107 mol'm’s™!,
varying /o (insets showing concentration profiles). A switch from positive to negative net
charge is indicated.
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When performing digital simulation “experiments” the parameter space can be explored

and individual components investigated. Figure 3 shows a data summary for this

exploration. Some insights from the model calculations can be expressed as follows:

When investigating the concentration of holes and electrons in the illuminated

film electrode material far away from the substrate and without chemical reaction

(ke = 0 s, the initially generated concentration of holes and electrons is equal

throughout and given by o ot = krec 11 1h OF He = nh = . There is no net charge

rec
generated. However, with holes reacting chemically (k. > 0 s™!), a net negative

charge builds up with time (excess of electrons) and the electron concentration

Ioa

increases to 7. = as the hole concentration converges towards zero. Closer

rech

to the substrate electrode, electrons are extracted and nn increases giving locally a

net positive charge (excess of holes).

When inhibiting the chemical reaction (k. = 0), a transient current response is
generated with decaying current characteristics (see Figure 3A). This is associated
with electrons transferring into the substrate electrode and holes remaining in the
film (photo-capacitive charging). Analysis of this current transient suggests at
least initially Cottrellian characteristics. A net positive charging effect of the
oxide film occurs (assuming no other contributions to the charge) and the

transient can be understood as dominated by “photo-capacitance”.

14



When increasing the chemical reaction rate (from k. = 1 s to 10 s°!), a new
secondary transient appears (see Figure 3A). The initial decaying transient is now
complemented by the secondary rising transient. This rising transient is associated
with “photo-reaction” of holes and therefore associated with a build-up of
negative charges in most of the oxide film electrode. A plateau current is reached
that increases with k.. The switch from “photo-capacitance” to “photo-reaction”

transient can be expressed (for very thin films) as the point of the apparent

. . . D .
reaction layer equaling the film thickness, Sreaction,e = Ofilm OF k¢ = 3 °—. That is, k.
film

needs to be fast enough for the photo-reaction to be observed in the current
transient.

Data in Figure 3B show the effect of the recombination rate constant Arec on the
photo-transient currents. Obviously the photo-currents increase with less
recombination and this is linked to the build-up of a higher concentration #.. In

first approximation the magnitude of the current scales with hole concentration

as suggested above.

rec
Figure 3C shows data for “photo-reaction” transients as a function of electron
diffusion coefficient, D.. Also shown are concentration profile plots for holes and
electrons at time 10 ms, 100 ms, and 900 ms. It can be seen that with time the
hole concentration decreases as the electron concentration increases (due to the
reaction of holes with k. = 1000 s'). The rise in 7z is accompanied by the rise in

photo-current up to a plateau. If all the absorbed photons generate electrons, this

Den . e .
can be expressed as &¢maly = 66—6 to give a limiting concentration of n, =
film
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Io8fim® . . . .
Zo%fim_ similar to that observed at 900 ms. For the “photo-reaction” case, this

e

causes the plateau current to increase with approximately /D, dependency rather
than linear with D..
Figure 3D demonstrates the effect of varying the light intensity /o. In the case of a

higher chemical rate constant, k. = 1000 s™! (the “photo-reaction” case; not

shown), the photo-current is predicted to increase proportional to \/E due to both
nn deceasing and n. increasing simultaneously in the photo-reactive transient.
However, for data in Figure 3D with k. = 1 s™!, the photo-capacitance case is
dominant and the plateau current increases approximately linear with /o. Note the
region of net positive (close to the substrate electrode) and net negative charge
(close to the solution phase) predicted within the oxide film. Based on this
analysis of photo-transient data, it is therefore helpful to use the light intensity as
diagnostic tool and to distinguish between “photo-capacitive” (decaying) and

“photo-reactive” (rising) transients.

4. Results and Discussion

4.1. Characterization of Thin Films of White and Grey TiO2 and Nb20s

Films of TiO; or Nb,Os were formed with a thickness of typically 1000 nm (see Figure 2)

on fluorine-doped tin oxide (FTO) substrates. These films were initially produced at 550

°C in air to give white deposits. A post-treatment at 550 °C under vacuum conditions (oil-

pump vacuum ca. 0.1 Torr) then caused a grey coloration to appear (see Figure 2 insets).

Figure 4 shows XRD data for both TiO, and Nb,Os before and after vacuum annealing
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treatment. A significant change is observed for the TiO> peak 25.5° (consistent with the
(101) peak in anatase indexed as in PDF n° 21-1272 [59]), which broadens upon vacuum
annealing. The diffraction pattern for Nb2Os (consistent with T-Nb>Os orthorhombic phase
and indexed according to PDF n° 28-317 [60]). However, these XRD data are not
sufficiently clear to rule out other Nb,Os phases with similar diffraction pattern [45,51].

There is no significant change before and after vacuum annealing.

Grey TiO,
—— White TiO,
# #FTO

—— Grey Nb,O,
—— White Nb,O,
#FTO it

(A) §

#

log ()

log (I)

TiO, (anatase) PDF #21-1272

T-Nb,0, PDF #28-317

| il = A
T

e L Y N S R B e R R L E— T T T Tow ]
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Figure 4. (A) XRD data for white TiO, and grey TiO,. (B) XRD data for white and grey
Nb20s. (C) Raman spectra for white and grey TiOz. (D) Raman spectra for white and grey
Nb2Os.
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In order to further confirm the microstructure of both materials and changes after vacuum
treatment, Raman scattering was carried out and data are presented in Figures 4C and 4D
for both TiO> and Nb,Os, respectively, before and after vacuum annealing treatment. The
Raman spectra in Figure 4C present five Raman active modes for the white TiO, anatase
phase, which were detected at 144 cm™ (Eg), 199 cm™ (Eg), 399 cm™ (Big), 517 cm™ (A1)
and 640 cm™ (Eg) [61]. The most intense band at 144 cm™ was assigned to the external
vibration of the Ti-O bond [60]. For the TiO; film vacuum annealing treatment resulted in
broadening and blue shifts to 549 and 1080 cm™ compared to the original TiO, bands at
517 and 640 cm!. The blue shift and broadening for the grey film may be due to the
presence of defects, which are correlated to an increase amount of oxygen vacancies [60].
The Raman spectrum for the grey TiO: also indicates that the band at 144 cm has
dramatically decreased intensity. Tian and coworkers [62] reported the same phenomenon
for the black TiO, materials obtained at different temperatures. Such behaviour was
ascribed to the higher electronic conductivity, which would result in a shallower skin depth

for the incident photons causing lower Raman scattering intensity.

The Raman spectrum for the white T-Nb2Os is depicted in Figure 4D. The bands detected
were located at 123 cm™!, which is attributed to the lattice vibration mode of T-Nb,Os, 236
cm™! (Tay), 305 cm™ (Ta), 698 cm™! (TO) and 814 cm™ (TO) [51]. The strongest band at
698 cm! is attributed to the bond order of the niobia polyhedral and structure order [51].
The Raman spectrum for the grey Nb,Os in Figure 4D shows broadening of all bands,

indicating possibly a decrease of bond order and a more disordered structure, which is

18



associated to the increase of amount of oxygen vacancies [51]. Regarding the optical
properties for both white and grey TiO> and Nb,Os, the Tauc plots were obtained and are
depicted in Figure 5. The optical E values for both materials estimated from data in Figure

5 are presented in Tables 1A and 1B.
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Figure 5. (A,B) Tauc plots comparing white and grey TiO> and Nb.Os, respectively, for a
direct (allowed) transition. (C,D) Tauc plot comparing white and grey TiO2 and Nb,Os,
respectively, for an indirect (allowed) transition.
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Table 1A. Summary of data from Tauc plots (Figure 5) of white and grey TiO».

Material Es/ eV (nm) E; / eV (nm)
White TiO> 3.27 (379) 2.67 (464)
Grey TiO» 2.80 (442) 1.28 (969)
Type of transition direct (allowed) indirect (allowed)

Table 1B. Summary of data from Tauc plots (Figure 5) of white and grey Nb>Os.

Material Eg/ eV (nm) Eg/ eV (nm)
White Nb2Os 3.20 (387) 2.44 (508)
Grey Nb2Os 3.16 (392) 2.39(519)

Type of transition direct (allowed) indirect (allowed)

Here direct (allowed) and indirect (allowed) transitions are assumed and for both materials
TiO2 and Nb,2Os, and the vacuum annealing treatment can be seen to lower the optical band
gap for both types of transition (more pronounced for Ti0;). Additionally, the existence of
indirect (allowed) electronic transition for these materials might be an indication of

presence of defects.

The optical band gap (E;) was estimated by UV-Vis spectroscopy in the diffuse reflectance

mode and the following equations [63] were applied to analyse data: @ = F(R) =

(1-R)?

-~ and (ahv)™ = A(hv — Eg). Here F(R) is the Kubelka-Munk function, R is the

absolute reflectance to a given value of 4 v, « is the absorption coefficient, / is the Planck

constant and v is the frequency. The parameter # is 2 or 2/3 for allowed and forbidden
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direct transition, respectively; and 1/2 or 1/3 for allowed and forbidden indirect transition,
respectively. Here allowed and direct transitions are assumed and for both materials TiO>

and Nb2Os the vacuum annealing treatment can be seen to lower the optical band gap.

4.2. Photoelectrochemical Characterization of Thin Films of White and Grey TiO2

Photoelectrochemical data for white and grey TiO> films immersed in 1 M KOH in the
dark and illuminated with 450 nm light are shown in Figure 6. The vacuum annealing
treatment can be seen to result in (A) a considerable increase in capacitive current response
(possibly due to enhanced electrical conductivity) and (B) a much lower photo-

electrochemical response when exposed to blue light pulses.
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Figure 6. (A) Cyclic voltammograms (scan rate 20 mVs™) for (i) white and (ii) grey TiO:
films immersed in 1 M KOH (pH 13.7). (B) Pulsed light linear sweep voltammogram (20
mVs!; A =450 nm, 1 s pulse time, nominally 100 mWcm™) for (i) white and (ii) grey TiO..

Figure 7 sh