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Abstract
Photo-generated high-energy surface states can help to produce chlorine in aqueous environments. Here, aligned rutile (TiO2)
nanocrystal arrays are grown onto fluorine-doped tin oxide (FTO) substrates and activated either by hydrothermal Sr/Ba surface
doping and/or by vacuum-annealing. With vacuum-annealing, highly photoactive films are obtained with photocurrents of
typically 8 mA cm−2 at 1.0 V vs. SCE in 1 M KCl (LED illumination with λ = 385 nm and approx. 100 mW cm−2).
Photoelectrochemical chlorine production is demonstrated at proof-of-concept scale in 4 M NaCl and suggested to be linked
mainly to the production of Ti(III) surface species by vacuum-annealing, as detected by post-catalysis XPS, rather than to Sr/Ba
doping at the rutile surface. The vacuum-annealing treatment is proposed to beneficially affect (i) bulk semiconductor TiO2

nanocrystal properties and electron harvesting, (ii) surface TiO2 reactivity towards chloride adsorption and oxidation, and (iii)
FTO substrate performance.
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Introduction

TiO2-based materials in doped or undoped forms are widely
applied in photocatalysis, [1] but are generally found to be
relatively inactive for photo-chlorine production [2]. This is

likely to be linked, in part, to the insufficient adsorption of
chloride anions onto the TiO2 surface. Studies in brine and
metal cation–doped TiO2 materials have not been very suc-
cessful [2]. Generally, titanium dioxide (TiO2) is a promising
photoactive n-type semiconductor for use in solar energy con-
version due to its high chemical stability, low cost, and non-
toxicity [3]. TiO2 exhibits a relatively large bandgap, typically
3.0 to 3.2 eV [4], which allows effective energy absorption
only in the blue/near-UV region. For TiO2-based materials,
flat band potentials of approx. ‑ 0.40 V vs. SCE in 1 M acid
[5] have been reported and observed to be sensitive to both pH
and illumination [6].

The most widely suggested applications of TiO2

photocatalysis are in water decontamination and water split-
ting to hydrogen and oxygen [7, 8]. However, photocatalysts
can also drive a diverse range of other mechanisms, including
hydrogen peroxide formation [9], ammonia degradation [10],
and photo-chlorine evolution [2, 11–13]. Commonly reported
methods to improve TiO2 properties and performance are
based on doping, usually by thermal annealing or by ion sub-
stitution/addition, and by tailoring the morphology and struc-
ture of the electrode to increase the surface area [14] and the
extent of the more active crystal facets. Amorphous TiO2 has
been reported for photoelectrochemistry [15]. Rare earth
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doping methods have also been developed to improve the
photocatalytic activity of TiO2 materials [16]. A RuO2/TiO2/
n-Si photoanode hybrid has been shown to provide high yields
of photo-chlorine in brine [17]. Another alternative electrode
reported for use in photo-chlorine evolution is based on n-type
semiconductor WO3 films [18–22], with a relatively smaller
band gap, better light absorption up to 500-nm wave ength,
cost-effective manufacturing, and long-term stability.
However, when employing effective band gap–matched
LED light sources, TiO2-based materials become competitive
and practical as there are no significant problems with spectral
losses. TiO2 with a lower flat band potential, compared to that
for WO3, is likely to operate at lower applied potentials.
Furthermore, by employing a photoelectrochemical process
as compared to dark electrolytic processes, the reactive sur-
face species on the semiconductor surface (the “holes”) are
produced locally with a light intensity–dependent rate and at
relatively low applied potential. These conditions differ from
those in dark electrocatalysis, for example on Ru/Ir-oxide type
electrodes [23] and may aid chlorine production.

Chlorine is an essential chemical for modern society. For
example, pure chlorine gas is used in a wide range of industrial
manufacturing techniques, such as disinfection [24] and poly-
mer production [25]. The dissociation of dissolved chlorine in
aqueous solution forms hypochlorite (ClO−), which is a key
component in disinfectants, bleaches, deodorisers, oxidising
agents, and water treatment formulations. Due to the highly
reactive nature of chlorine, it has virtually no natural abun-
dance and improving production methods to satisfy the ever-
increasing demand for this chemical is therefore of high inter-
est. In particular, on-site production directly from brine with
high flux is desirable. The production of chlorine from the
ubiquitous sources of seawater and solar (or synthetic LED)
radiation via photoelectrocatalysis could be beneficial in spe-
cific applications. There is also evidence in the literature on
the applications of chlorine intermediates in the related
photoelectrochemical pollutant degradation in chloride con-
taining media [26–28]. The two biggest limitations preventing
photoelectrocatalysis becoming a common industrial tech-
nique (e.g. in disinfection applications) are (i) finding a stable,
but effective, anode material that does not need regular re-
placement, (ii) achieving an efficient and rapid rate of chlorine
production, such that the demand can be fulfilled without ad-
ditional running costs.

In this paper, the light-driven production of chlorine in
neutral aqueous KCl or NaCl is investigated. The effect of
pH on the production of chlorine has been extensively studied
for the TiO2 thin film photocatalyst [29]. A basic pH (pH > 7)
showed a negligible chlorine production, while increasing
acidity (pH < 6) resulted in increasing chlorine production.
This might suggest some conversion of chlorine to hypochlo-
rite, but also more importantly, that chloride adsorption is
favoured only in more acidic environments with less

hydroxide to compete with. As the pH is increased further into
a basic regime, hypochlorite may also undergo further dispro-
portionation reactions into chlorate [30].

Catalytic reactions occur on active sites on the surface of
the catalyst materials, indicating that a large surface area is
vital for a highly efficient catalytic process. An important step
in designing the structure of a catalyst is therefore identifying
the size and shape requirement of the material to maximise its
e f f i c i e n c y . T iO 2 h a s b e e n s h own t o h a v e a
photoelectrochemical activity that is dependent on its shape
and crystal orientation [31, 32]. Quasi-1-dimensional TiO2

nanorods and nanotubes are promising nanostructures not on-
ly due, in part, to their exceptionally high surface area but also
importantly because of heightened charge transport properties.
The increased charge transport results in faster charge carrier
diffusion (e− over longer distances and h+ over shorter dis-
tances), thereby extending the charge carrier lifetime and en-
ergy harvesting efficiency [33]. When applied to an oxidation
catalysis reaction, such as photo-chlorine evolution, the re-
duced required diffusion distance for the hole to reach the
surface in nanorods, compared to alternative structures such
as crystalline thin films, is likely to result in an increased rate
of catalysis and higher photocurrents. More holes will reach
the surface and react with weakly adsorbed chloride/
hydroxide anions before any recombination can occur. The
more mobile electrons can be harvested along the longer axis
of the nanorods.

The synthesis of rutile TiO2 nanorods or nanocrystal arrays
by hydrothermal methods is a relatively convenient technique
that is currently employed to produce nanorods for a variety of
applications [34, 35]. Rutile nanocrystals can be produced
with defined shape and size. Using hydrothermal methods,
the duration and temperature of synthesis can be used to tailor
the size of the nanorods and the photoelectrochemical activity.
Many methods other than hydrothermal synthesis have been
tested; however, the hydrothermally synthesised nanocrystals
generally provide a greater photoelectrochemical activity [32].
Anatase, a different TiO2 phase, has also been reported to be
synthesised in a range of geometries (but without attachment
to a substrate), including nanorods, nanocubes, and nano-
sheets, by tailoring the specific concentrations of surface
complexing ligands [36]. Here, rutile nanorods are employed
grown directly onto a fluorine-doped tin oxide (FTO)
substrate.

Improved TiO2 nanocrystal array photocatalytic perfor-
mance has been reported through the use of a thermal anneal-
ing treatment after synthesis, used for many functions includ-
ing the removal of surface hydroxyl groups [37] and creating
oxygen vacancies [38]. Annealing in a hydrogen environment
was tested by Wang et al. [39] and found to increase the
density of oxygen vacancies, as well as increasing the gener-
ated photocurrent densities compared to pristine TiO2 nano-
crystal arrays. The impact of oxygen vacancies on the
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photoelectrochemical activity of TiO2 was discussed by
Huang and coworkers [40]. Four different annealing environ-
ments were used to treat pristine TiO2 nanocrystal arrays to
produce structurally and morphologically identical nanorods,
but with different TiO2 oxygen contents. Vacuum-annealing
offers a convenient methodology more generally to post-
synthetically “activate” semiconductor materials. TiO2 has
been shown previously to become more photoactive [41].
However, SnO2-based substrates have also been shown to
provide better performance [42, 43] due to their increased
conductivity due to oxygen vacancy doping. In this report,
we compare Sr/Ba surface doping and vacuum-annealing for
the activation of rutile nanocrystal arrays on fluorine-doped
tin oxide (FTO) for applications in photoelectrochemistry.We
demonstrate vacuum-annealing of rutile nanocrystal arrays as
a convenient method to “activate” the rutile surface for photo-
chlorine production and to enhance charge carrier transport
and collection.

Experimental

Chemical Reagents

KCl (99–100.5%), NaCl (99.5%), BaCl2 dihydrate (> 99%),
SrCl2 hexahydrate (99%), HCl (37%), and titanium(IV)
butoxide (97%) were obtained in analytical or the purist avail-
able grade from Sigma-Aldrich and used without further pu-
rification. Ultra-pure water (demineralised and filtered, resis-
tivity 18.2MΩ cm at 22 °C) was taken from an ELGA Purelab
Classic system.

Instrumentation

VoltammetryA blue LED light source (Thorlabs ML385, λ =
385 nm, approx. 100 (± 20) mW cm−2 depending on the po-
sitioning of the electrode and light source) was employed in

pulse mode (usually 5-s on, 5-s off) to demonstrate photocur-
rents and dark background currents during cyclic voltammetry
scans with a 10 mV s−1 scan rate, measured employing an
AUTOLAB Type III potentiostat (Metrohm, UK). A three-
electrode electrochemical cell was employed (made from
Pyrex glass transparent > 350 nm with the LED positioned
approx. 4 cm from the working electrode) containing the
nanocrystal array photocatalyst working electrode (WE), a
platinum wire counter electrode (CE), and a saturated calomel
electrode (SCE) as the reference electrode (Fig. 1E). The elec-
trolyte was either a potassium chloride (KCl) or sodium chlo-
ride (NaCl, used only for higher concentration experiments)
solution of varying concentrations (ranging from 10 mM to
4 M).

Characterisation The morphology of the nanocrystals was
measured using a field-emission scanning electron micro-
scope (FESEM, JEOL JSM-6301F) and a transmission elec-
tron microscope (TEM, JEOL JEM-2100Plus). The TEMwas
used in conjunction with an Oxford instruments X-MaxN
TSR silicon drift detector EDX. Raman spectroscopy was
carried out on a Renishaw inVia system, using both visible
and UV wavelength lasers, in order to probe molecular com-
position and structure. Finally, X-ray photoelectron spectros-
copy (XPS, Thermo Fisher K-Alpha+) was used to probe the
surface elemental compositions, distributions, and oxidation
states.

Photoelectrode Preparation

A titanium dioxide (TiO2) nanocrystal array was first grown
on a fluorine-doped tin oxide (FTO, AGC type U TCO glass,
Japan) coated glass substrate by a hydrothermal synthesis re-
action outlined by Zhang and coworkers [34]. Briefly, an
FTO-coated glass substrate was ultrasonically cleaned for
30 min in a 1:1 solution of ethanol and acetone and placed
inside a 100-mL Teflon lined stainless steel autoclave with the

Fig. 1 Photographic appearance of (A) FTO-coated glass substrate, (B)
pristine TiO2 nanocrystal array deposit, (C) Sr/Ba-TiO2 as-deposited
nanocrystal array, and (D) vacuum-annealed Sr/Ba-doped TiO2

nanocrystal array. The scale is indicated by the horizontal lines, which
are spaced by 7.1 mm. (E) Schematic of the photoelectrochemical cell
with working, counter, and reference electrode
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conductive FTO-coated side facing upwards. A solution con-
taining 0.7 g of titanium(IV) butoxide in a 50-mL mixture of
1:1 concentrated hydrochloric acid (37%), and de-ionized wa-
ter was stirred for 30 min and pipetted onto the FTO-coated
substrate. The autoclave was sealed and heated in an oven at
180 °C for 3 h. The uniform nanocrystal array growth occurs
due to lattice mismatches between the rutile TiO2 and the
tetragonal FTO structures [34].

Vacuum-annealing and/or metal cation (strontium and bar-
ium) doping methods were then applied in order to modify the
surface activity to achieve improved photoelectrochemical
properties. Briefly, a 50-mL mixture of 0.02 M barium chlo-
ride and 0.02 M strontium chloride was prepared by adding
concentrated HCl (37%) dropwise (approx. 0.50–0.75 mL to-
tal) to a 0.02 M barium hydroxide and 0.02 M strontium
hydroxide solution until they were fully dissolved. The solu-
tion was then left to stir for approximately 12 h and sealed
inside an autoclave with a TiO2 nanocrystal array sample for
10 h at 200 °C. Finally, the resulting strontium-/barium-doped
TiO2 (Sr/Ba-TiO2) was washed with 0.2 M HCl,
demineralised water, and ethanol. Both the TiO2 nanocrystal
array and the as-deposited Sr/Ba-TiO2 nanocrystal array were
annealed in a vacuum environment (Speedivac Edwards High
Vacuum Pump ED50, Crawley, England) at 550 °C (the max-
imum temperature tolerated by these FTO substrates) for 4 h
to create oxygen vacancies in the structure, resulting in
vacuum-annealed TiO2 (VA-TiO2) and vacuum-annealed Sr/
Ba-TiO2 (VA-Sr/Ba-TiO2) respectively. Initial appearances of
the samples, as seen in Fig. 1, show a transition from trans-
parent to opaque upon growth of the nanorods and some dark-
ening after vacuum-annealing. All electrodes were coated in
silver paint at one end to form a conductive contact with the
FTO layer beneath the nanorods. Copper tape was applied
over the silver paint, followed by an insulating silicon sealant
and Kapton tape in order to prevent electrolyte from
contacting the conductive copper or silver. An active solution
exposed area of 1 cm2 was ensured for all electrodes.

Bipotentiostatic Chlorine Detection

Detection of chlorine was carried out using the same cell and
the same working electrode (WE1), reference electrode
(SCE), and counter electrode (CE) as described above, but
with an additional 125-μm-diameter Teflon-coated platinum
wire (Advent Research Materials, UK) as a second working
electrode (WE2). An Ivium Technologies Compactstat
Electrochemical Interface was used as the bipotentiostat. The
electrolyte consisted of a 4MNaCl aqueous solution. One end
of the Teflon-coated wire was placed in a Bunsen burner to
remove the Teflon coating, followed by the application of a
copper tape contact onto the revealed platinumwire. The other
end was cut perpendicularly with a sharp knife to reveal
approx. a 125-μm-diameter cross-section of the platinum

wire, which was placed very near (in approx. 250 μm dis-
tance) to the surface of the first working electrode immersed
in the electrolyte. The potential of the second working elec-
trode was set to potentials from 0.5 V vs. SCE to 0.80 V vs.
SCE and to 0.85 V vs. SCE. In these experiments, the LED
light source was pulsed for 10 s on 10 s off, with a potential
scan rate of 5 mV s−1.

Results and Discussion

Formation and Characterisation of Surface-Doped
TiO2

TiO2 nanocrystal arrays were grown following a procedure
developed by Zhang et al. [34], see experimental. Figure 2a
shows typical cross-sectional electron microscopy images of
the aligned nanocrystal arrays, which are typically 1 μm in
length and 40–80 nm in diameter, with an aspect ratio of 20.
The top view (Fig. 2b) demonstrates the uniform distribution
of the nanocrystals, with sufficient space for electrolyte to
permeate. The Sr/Ba treatment under hydrothermal conditions
leads to no significant change in appearance (see Fig. 2c) apart
from some probably carbonate-containing debris. A wash
with aqueous HCl and vacuum-annealing then produces the
material shown in Fig. 2d.

TEM analysis of TiO2 nanocrystals, shown in Figure SI1,
after ultrasonic lift-off from the FTO substrate reveals a high
degree of crystallinity for all four materials: (i) as-grown TiO2,
(ii) Sr/Ba-treated TiO2, (iii) Sr/Ba-treated and vacuum-
annealed TiO2, and (iv) only vacuum-annealed TiO2. There
is no significant difference based on TEM data between the
different materials. Figure 3 shows TEM images and elemen-
tal mapping for Sr/Ba-treated and vacuum-annealed TiO2.
The elemental content for Ti and O is high, but for Sr and
Ba, the mapping suggests elemental levels that are just at, or
possibly below, the detection limit. In part, this could be
linked to the washing step with 0.2 M HCl, but fundamentally
there is very little Sr/Ba to affect the reactivity (see also XPS
data presented below).

When investigating the electron diffraction data in Fig. 4a,
there is evidence that rutile crystal structures are obtained for
all materials with diffraction spots matching stronger diffraction
lines from the corresponding JCPDS data sets (observed:
2.94 nm−1, 3.99 nm−1, 4.37 nm−1, 5.87 nm−1, 7.30 nm−1; expect-
ed for rutile: 3.080 nm−1, 4.021 nm−1, 4.353 nm−1, 4.570 nm−1,
5.928 nm−1, 7.354 nm−1 [JCPDS 21–1276]: expected for ana-
tase: 2.841 nm−1, 4.113 nm−1, 4.205 nm−1, 4.288 nm−1,
5.285 nm−1, 5.883 nm−1, 6.001 nm−1, 6.753 nm−1 [JCPDS 21–
1272]). This is confirmed from the Raman data analysis, where
the results in Fig. 4b–e confirm that the TiO2 nanocrystal array
was rutile, as opposed to other TiO2 phases [44]. The character-
istic Raman peak positions and reciprocal lattice spacings are
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obtained. Neither the visible nor UVwavelength spectra showed
any peaks other than rutile TiO2.

Photoelectrochemical Characterisation of Surface-
Doped TiO2

Initial photoelectrochemical experiments were performed
with a 1 cm2 TiO2-coated FTO electrode immersed into an

aqueous 0.1 M KCl solution. Light pulses were generated
from an LED (λ = 385 nm) in the blue region of the visible
spectrum. The typical rutile band gap is 3.0 eV [45], corre-
sponding to 412 nm and therefore in the region of excitation
with 385-nm light. When scanning the applied potential from
− 0.25V vs. SCE to 1.25V vs. SCE, clear anodic photocurrent
pulses are observed (Fig. 5a). The onset of photocurrent re-
sponse should occur close to the flatband potential, which is

Fig. 2 Scanning electron microscopy (SEM) cross-sectional image for as-grown hydrothermal TiO2 nanocrystals (a); top view for as-grown hydrother-
mal TiO2 nanocrystals (b); Sr/Ba-doped TiO2 nanocrystals (c); and activated and vacuum-annealed TiO2 nanocrystals (d)

Fig. 3 a–e TEM image and elemental mapping for Sr/Ba-treated and vacuum-annealed TiO2 nanocrystals
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close to − 0.1 V vs. SCE in neutral solution and in the dark
[46]. For as-grown TiO2, the photocurrents reach typically
0.5 mA cm−2 at 1 V vs. SCE, but for the Sr/Ba-treated and
vacuum-annealed material, an order of magnitude higher pho-
tocurrents are detected, as seen in trace (i) of Fig. 5a.

The effect of the chloride concentration on photocurrent
responses is demonstrated in Fig. 5b. Photocurrent data ob-
tained for as-grown TiO2 nanocrystals are only weakly affect-
ed by the chloride concentration, but for Sr/Ba-treated and
vacuum-annealed electrodes, a strong increase occurs,
reaching up to 10 mA cm−2 at high salinity. Interestingly,
the same effect occurs for TiO2 nanocrystals that have only
been treated by vacuum-annealing. Therefore, these effects
are not necessarily due to Sr/Ba doping. The plot in Fig. 5c
summarises the photocurrent data at 1.0 V vs. SCE. Device-
to-device errors are estimated as ± 10%, but trends in the data
are clear. An approximate light intensity of 100 mW cm−2

assumed at the location of the working electrode suggests a
flux of 1.9 × 1017 photons s−1, or correspondingly 31-mA
photocurrent. The opaque appearance of electrodes in Fig. 1
suggests effective photon absorption and low transparency.
Therefore, at 1.0 V vs. SCE, approximately a third of the
photons are converted to a photocurrent. Note, that the nature
of the products from the photocurrents in Fig. 5 is not exper-
imentally verified. The increase in photocurrent with chloride
concentration could be an indication of chlorine production,
but without direct evidence for this, it has to be assumed that

oxygen evolution (which is kinetically more difficult but with-
in the accessible pH range thermodynamically preferred over
chlorine evolution [47]) may also occur.

Next, the annealing method is investigated to reveal more
insights on the origin of the exceptionally high photocurrents.
The Sr/Ba-treated electrodes were either annealed in ambient
air or under vacuum conditions, in both cases at 550 °C for
4 h. Figure 6a shows the significant effect of vacuum-
annealing on photoelectrochemical responses. Vacuum con-
ditions have been shown previously to result in the formation
of oxygen vacancies and thereby in increased electron mobil-
ity and photo-reactivity in TiO2 [41], as well as in other ox-
ides. The data in Fig. 6b have been obtained for as-grown
TiO2 nanocrystals after vacuum-annealing and for Sr/Ba-
treated and vacuum-annealed TiO2 nanocrystals. Clearly, the
presence of Sr or Ba is not essential, and the vacuum-
annealing step is the most important part of the process to
result in highly photoactive TiO2 film electrodes. An impor-
tant question is therefore how does the vacuum-annealing step
enhance the photoelectrochemical activity?

Figure 7 provides a summary of the suggested hypothetical
mechanism by which vacuum-annealing can increase the col-
lection of charge carriers and the resulting photocurrents. Due
to additional oxygen vacancies in the rutile structure, electrons
can be transported over longer distances and the applied bias
at the working electrode can be employed to “harvest” these
electrons from the entire rutile nanocrystals. A point of

Fig. 4 a TEM electron diffraction pattern with rutile (TiO2) indexing. b
Raman (λexcitation = 532 nm) for as-grown TiO2. c Raman (λexcitation =
532 nm) for Sr/Ba-treated and vacuum-annealed TiO2. d Raman

(λexcitation = 325 nm) for as-grown TiO2. e Raman (λexcitation = 325 nm)
for Sr/Ba-treated and vacuum-annealed TiO2
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inflection occurs at approx. 0.9 V vs. SCE, which suggests a
gradual approach towards a plateau outside of the measure-
ment range (> 1.25 V vs. SCE). The plateauing could suggest
that, at high applied potentials, electron harvesting is extended
over the complete length of the nanocrystal. This may lead to
photo-chlorine production over the complete nanorod surface,
but direct experimental evidence for chlorine production is
necessary.

Chlorine Evolution on Surface-Doped TiO2

There have been reports in the literature on the possibility of
chlorine generation from brine using titania photocatalyst ma-
terials [2]. However, success to date has been limited and it
was observed that even doping with a range of cations [2] was
insufficient to achieve a reproducible photo-response for prac-
tical applications. TiO2 nanotubes on titanium substrates have
been reported to give rise to photo-chlorine evolution in the

Fig. 5 a Photoelectrochemical voltammograms (scan rate 10 mVs−1,
light on 5 s and light off 5 s, LED with λ = 385 nm, approx.
100 mW cm−2) for a 1 cm2 TiO2 nanocrystal electrode (i) Sr/Ba-treated
and vacuum-annealed and (ii) as-grown TiO2 immersed in aqueous 0.1M
KCl. b Photoelectrochemical voltammograms (as above) for a 1 cm2

TiO2 nanocrystal electrode (Sr/Ba-treated and vacuum-annealed) im-
mersed in aqueous (i) 1 M and (ii) 0.01 M KCl. c Plot of photocurrent
data at 1 V vs. SCE (for a Sr/Ba-treated and vacuum-annealed and for
only vacuum-annealed TiO2 electrodes; device to device error estimated
as ± 10%) as a function of chloride concentration

Fig. 6 a Photoelectrochemical voltammograms (scan rate 10 mV s−1,
light on 5 s and light off 5 s, LED with λ = 385 nm, approx.
100 mW cm−2) for a 1 cm2 TiO2 nanocrystal electrode (Sr/Ba-treated
and (i) vacuum-annealed or (ii) air annealed) immersed in aqueous 1 M
KCl. b Photoelectrochemical voltammograms (as above) for a 1 cm2

TiO2 nanocrystal electrode (Sr/Ba-treated and vacuum-annealed (i) or
only vacuum-annealed without Sr/Ba treatment (ii)) immersed in aqueous
1 M KCl

Fig. 7 Photoelectrochemical voltammogram (scan rate 10 mV s−1, light
on 5 s and light off 5 s, LEDwith λ = 385 nm, approx. 100 mW cm−2) for
a 1 cm2 TiO2 nanocrystal electrode (Sr/Ba-treated and vacuum-annealed)
immersed in aqueous 1 M KCl with schematics to illustrate the field-
driven electron harvesting in TiO2 nanocrystals
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presence of UV light [48]. Here, a platinum detector electrode
is employed (as a secondary working electrode) to directly
monitor chlorine production, at least in a qualitative manner.

Figure 8 shows a cyclic voltammogram obtained at a
125-μm-diameter Pt electrode (Teflon-coated) immersed in
aqueous 4 M NaCl. Under these conditions, scanning the po-
tential from 0.5 V vs. SCE initially leads to oxygen reduction
(see [49]). Following this, a broad reduction in current

response is observed at potentials negative of − 0.5 V vs,
SCE, which is associated with hydrogen production. This pro-
cess is accompanied with hydroxide formation in the unbuf-
fered salt solution. Upon reversal of the scan direction, hydro-
gen oxidation in the presence of hydroxide is observed and is
followed by a swing in pH and a secondary hydrogen oxida-
tion response in the presence of locally produced acid at −
0.25 V vs. SCE. The formation of chlorine is observed as a
chemically reversible signal at 1.2 V vs. SCE. However, the
chlorine reduction response is weak, mainly due to (i) a high
degree of spherical diffusion that diminishes product peaks
and (ii) chlorine under these conditions reacting to give rise
to secondary products, such as hypochlorite. Importantly, a
reduction signal detected at the platinum electrode with a po-
tential positive of 0.5 V vs. SCE has to be linked to the for-
mation of chlorine (or hypochlorite). Therefore, the 125-μm-
diameter platinum electrode is employed as a detector elec-
trode (secondary working electrode) for chlorine in the
photoelectrochemical experiments.

With the ability to distinguish oxygen photo-products from
photo-chlorine production, a generator-collector type experi-
ment (see Fig. 9) can be designed to demonstrate chlorine
production. Figure 9d illustrates the experimental design with

Fig. 8 Cyclic voltammogram (scan rate 0.1 Vs−1) using a 125-μm-
diameter Pt wire electrode (Teflon-coated; used as WE2 in Fig. 10) as
the working electrode. Positions of hydrogen, oxygen, and chlorine redox
reactions are shown. Aqueous 4 M NaCl was used as the electrolyte

Fig. 9 a Photoelectrochemical
voltammograms (scan rate
5 mV s−1, light on 10 s and light
off 10 s, LED with λ = 385 nm,
approx. 100 mW cm−2) for a
1 cm2 TiO2 nanocrystal electrode
(Sr/Ba-treated and vacuum-
annealed, WE1) immersed in
aqueous 4 M NaCl. A platinum
wire (125 μm diameter, Teflon-
coated, WE2) served as a collec-
tor electrode in approx. 250-μm
distance from WE1 (potential
WE2 = 0.5 V vs. SCE). b As
above withWE2 = 0.8 V vs. SCE.
c As above with WE2 = 0.85 V
vs. SCE. d Schematic to explain
the generator—collector
photoelectrochemical experiment
for chlorine detection
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a 125-μm-diameter Teflon-coated Pt wire electrode placed
close to the photoanode (approx. 250 μm in distance). Each
light pulse is supposed to lead to a pulse of chlorine, which is
then observed after a slight delay at the second working elec-
trode located in close proximity to the TiO2 electrode.

Data in Fig. 9a show photocurrents for a Sr/Ba-treated
and vacuum-annealed TiO2 nanocrystal electrode immersed
in aqueous 4 M NaCl. The second working electrode biased
at 0.5 V vs. SCE clearly shows a reduction current with the

same peak pattern that is linked to the pulsed light excita-
tion. Due to the lack of calibration of the current at the
secondary electrode and the uncertain experimental geom-
etry, the data need to be considered qualitative. The current
reaches 1.5 μA and, for smaller diameter electrodes, this
could be used to estimate the local concentration as c-
chlorine = Ilim/4nFDr = 15 mol m−3 [50], which seems rea-
sonable, although this has to be considered an approximate
value under these conditions. A limiting current of 6 mA for

Fig. 10 a–cXPS survey data, Ti2p data, and O1s data for as-grown TiO2

after use in photoelectrochemistry. d–f XPS survey data, Ti2p data, and
O1s data for vacuum-annealed TiO2 after use in photoelectrochemistry.

g–i XPS survey data, Ti2p data, and O1s data for Sr/Ba-treated and
vacuum-annealed TiO2 after use in photoelectrochemistry.
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a 1 cm2 area for a natural convection based localised Nernst
diffusion layer [51] (with diffusion layer thickness δ =
0.5 mm) should produce an average concentration of c-
c h l o r i n e = I l i m , p h o t o δ /nFDA = 80 mo l m − 3 a t t h e
photoelectrode surface or approx. 40 mol m−3 at the location
of the platinum sensor electrode. Given the approximations
employed, this seems to be similar to the value estimated
from the detector current data and indicative of a high de-
gree of chlorine and/or hypochlorite formation. When set-
ting the potential bias for the platinum detector electrode to
0.80 V vs. SCE or 0.85 V vs. SCE, there is still a reduction in
current detected, although less significant than that ob-
served at 0.5 V vs. SCE (see Fig. 9b and c, respectively).
TiO2 nanocrystal array electrodes produced with Sr/Ba
treatment and vacuum-annealing clearly are just as effective
as electrodes that are simply vacuum-annealed. It is there-
fore of interest to explore the XPS surface analysis for elec-
trode after performing photoelectrochemical chlorine evo-
lution experiments, which are reported next.

The surface elemental analysis with XPS, which is applied
after using the electrodes in photo-chlorine generation, can
help reveal ing the surface chemis t ry for ac t ive
pho toe lec t roca ta lys t s wi th respec t to obse rved
photoelectrochemistry. Figure 10 shows survey data, Ti2p
data, and O1s data for three types of samples: (a–c) as-
grown TiO2 after use in photoelectrochemistry, (d–f)
vacuum-annealed TiO2 after use in photoelectrochemistry,
and (g–i) Sr/Ba-treated and vacuum-annealed TiO2 after use
in photoelectrochemistry. Samples that should contain Sr/Ba
only show a very small signal for trace Sr (not shown) indi-
cating that Sr/Ba treatment has little or no effect on the surface
composition/reactivity during photoelectrochemistry.
However, vacuum-annealing appears to have a strong effect
on the presence of Ti3+ and Ti2O3, including the presence of
non-lattice oxygen. Data are summarised in Table 1.

Peak fitting for the titanium oxide surface environments for
the Ti2p signal (Fig. 10b, e, h) shows strong Ti4+ peaks, iden-
tified as the TiO2 titanium species by its characteristic binding
energies [52]. Two distinct peaks are seen (2p1/2 and 2p3/2)
due to spin-orbit coupling. In pristine TiO2 (b), the peaks for
Ti3+ are negligibly small; however, in the vacuum-annealed
samples (e and h), there are substantial intensities for Ti3+.
Vacuum-annealing is known to give rise to oxygen vacancies,
which act as 2-electron donors and reduce Ti4+ to Ti3+. The
maximum penetration depth in XPS is around 5 nm; therefore,
the species identified must be present in the outermost surface
layers. Usually, oxygen vacancies associated with Ti3+ move
into the bulk to become more stable. However, in this case, it
can be seen that Ti3+ sites are to some degree retained on the
surface even after use in photoelectrochemistry (all samples
characterised byXPS had been previously employed in photo-
c h l o r i n e p ro duc t i o n ) , imp l y i ng t h a t u s e i n a
photoelectrocatalytic reaction does not cause the Ti3+ to be

lost from the surface. The retention of the Ti3+ at the surface
will likely have a significant impact on the surface properties
and behaviour of the electrode.

Oxygen surface environments also show a dramatic change
upon vacuum-annealing, see Fig. 10c, f, and i. The non-lattice
oxygen peak, which is likely to be an amorphous or surface
oxide species with a higher binding energy (lower electron
density) than the O2− (from TiO2) peak, becomes more intense
after vacuum-annealing. Photoelectrochemical reactions of
these electrodes include an applied bias potential to an elec-
trode immersed in a salt solution; this could lead to surface
contamination, for example with some silicate which could
contribute to the non-lattice oxygen signal. The Ti2O3 peak
corresponds to the interactions between the Ti3+ cations and
nearby oxygen. The non-lattice oxygen is likely to be linked
(at least in part) to silicate or stannate surface species [53].
Si2p (102.5 eV) and Si1s (approx. 152 eV) signals are seen
after annealing and this is associated with a large increase in
O1s at the location of silicate oxygen peaks [54].

The photo-chlorine production appears to take place in a
high concentration NaCl solution. In this exploratory study,
photocurrents are enhanced by vacuum-annealing of rutile
nanocrystal arrays and this effect can be linked hypothetically
to (i) Ti3+ sites at the rutile surface allowing chloride anions to

Table 1 XPS data summary for Ti 2p and O 1 s data in Fig. 10

A. As-grown TiO2 after use in photoelectrochemistry

Ti 2p3/2
4+ 458.38 eV 62.2 at%

Ti 2p1/2
4+ 464.10 eV 27.5 at%

Ti 2p3/2
3+ 457.91 eV 6.0 at%

Ti 2p1/2
3+ 463.50 eV 4.4 at%

O (TiO2) 529.90 eV 64.3 at%

O (Ti2O3) 530.30 eV 13.1 at%

Non-lattice O 531.60 eV 22.6 at%

B. Vacuum-annealed TiO2 after use in photoelectrochemistry

Ti 2p3/2
4+ 458.35 eV 45.7 at%

Ti 2p1/2
4+ 464.20 eV 20.6 at%

Ti 2p3/2
3+ 458.01 eV 22.2 at%

Ti 2p1/2
3+ 463.41 eV 11.6 at%

O (TiO2) 529.95 eV 23.8 at%

O (Ti2O3) 532.58 eV 37.8 at%

Non-lattice O 530.36 eV 38.4 at%

C. Sr/Ba-treated and vacuum-annealed TiO2 after use in
photoelectrochemistry

Ti 2p3/2
4+ 458.24 eV 56.4 at%

Ti 2p1/2
4+ 464.16 eV 17.5 at%

Ti 2p3/2
3+ 457.90 eV 11.4 at%

Ti 2p1/2
3+ 463.50 eV 14.7 at%

O (TiO2) 529.92 eV 33.0 at%

O (Ti2O3) 532.59 eV 42.7 at%

Non-lattice O 530.50 eV 24.3 at%
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bind and react with photo-generated holes, and (ii) the im-
proved transport of conduction band electrons in the presence
of oxygen vacancies allowing better electron harvesting. In
addition, (iii) the interface of TiO2 to SnO2 could be affected
by annealing to provide improved electron harvesting due to
band bending [55] as well as improving FTO conduction.
Importantly, more work will be required to better investigate
the long-term persistence of Ti3+ surface states under more
harsh conditions and the mechanism of the rutile nanorod
photo-chlorine production in terms of effective use of light
energy in the chlorine production.

Conclusions

It has been shown that vacuum-annealing can be used to sig-
nificantly enhance the efficiency of photo-chlorine production
with rutile nanocrystal arrays on FTO substrates. This has
been attributed to a combination of effects based on oxygen
vacancy states forming and enhancing rutile majority carrier
transport, formation of Ti3+ surface sites at the rutile | aqueous
interface to allow effective chloride binding and transforma-
tion, improved conduction across the whole length of the ru-
tile nanocrystal with sufficiently high applied positive poten-
tial bias, and improvements due to the underlying FTO sub-
strate becoming more conductive. The contribution from each
of these factors and the rate of chlorine production are current-
ly not fully quantified. However, the results seem to suggest
that vacuum-annealing produces the over-riding effect on the
behaviour of these photocatalysts. XPS data suggest that the
Ti3+ surface sites are persistent at least over a period of hours
under photoelectrochemistry conditions, but for longer pe-
riods of use further study will be necessary to establish per-
sistence and performance. Further improvements by optimi-
sation are possible and more work will be required to develop
the photo-chlorine production. Importantly, in the future, an
up-scaled version of the reactor will be necessary for more
quantitative evaluation of chlorine and hypochlorite produc-
tion under more realistic conditions and for assessing the be-
haviour of the electrode during long-term operation conditions
required for industrial purposes.
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