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Abstract

Titanium dioxide (TiO2) thin films fabricated with different TiO2 colloids were characterised using photoelectrochemical techniques. TiO2

colloids were firstly prepared via hydrolysis of titanium butoxide and peptisation process with no hydrothermal process (labelled as NP). The
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esulting colloids were then subjected to different hydrothermal processes, i.e., 15-h convection hydrothermal (labelled as CH) treatment; 5-,
0- and 15-min microwave hydrothermal treatment (labelled as M5, M10 and M15, respectively). The colloids were used to prepare TiO2 thin
lms on conducting indium-doped tin oxide (ITO) substrates (i.e., CH, M15, M10, M5 and NP electrodes, respectively) using a controlled dip-
oating technique. The experimental results demonstrate that the oxidation capacities of the electrodes for water and glucose are in the order of
H > M15 > M10 > M5 > NP. In contrast, the oxidation capacities of the electrodes for potassium hydrogen phthalate (KHP) are in the order of
15 > M10 > CH. It was also found that the CH electrode could be easily poisoned by high concentration of KHP, while microwave-processed

lectrodes (M15, M10 and M5) are immune from the KHP poisoning. The results presented demonstrate that microwave hydrothermal processing is a
romising alternative method to the traditional convection hydrothermal treatment of colloids that provides electrodes with increased photocatalytic
roperties for the oxidation processes of adsorption-based organic compounds, such as KHP.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The interest of titanium dioxide (TiO2) films exceeds
hat of TiO2 colloids in their photocatalytic applications [1].
iO2 films are widely used in sensors [2–4], solar cells [5],
elf-cleaning windows [6], electrochromic devices [7] and pho-
oelectrochemical degradation of organic waste [2,4,8–10]. It is
enerally accepted that the properties of nanoporous electrodes
epend on the properties of the colloids used to fabricate them:
he size and shape of the colloids from which the electrodes are

ade determine the porosity and the surface area to thickness
atio of the electrode [11]. One of the routine methods for
reparing TiO2 colloids is through sol–gel processing. This

∗ Corresponding author. Tel.: +61 7 5552 8155; fax: +61 7 5552 8067.
E-mail address: s.zhang@griffith.edu.au (S. Zhang).

preparatory method has been exhaustively researched, since
being instigated in the late 1800s. Refinements to the original
methodology have focused on controlling the formation of
crystalline phase during the hydrolysis stage and stability of
the gels through modification of the colloidal precursors and
peptising agents [12]. The quality of crystalline phases has also
been shown to be greatly improved through post-hydrolysis
hydrothermal treatment in a convection oven at moderately
high temperatures (>200 ◦C) over sustained periods (up to
15 h).

Recently, we have reported efficient microwave hydrother-
mal preparation of nanocrystalline anatase TiO2 colloids
and its physiochemical characterisation using transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), XRD, Raman spectrum and electron diffraction pattern
techniques [13]. The results demonstrate that microwave
hydrothermal treatment of colloidal TiO2 gives comparable
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increases in crystallinity with respect to traditional hydrother-
mal treatments, while requiring significantly less time and
energy than the hydrothermal convection treatment [13].
Based on colloidal microwave processing, nanoscaled TiO2
powders with properties improved over commercially available
materials are obtained [14]. The resulting material displays
the highest phase purity, narrowness of pore size distribution,
accessibility of pores and photochemical activity among the
materials tested. The main advantages identified were that the
microwave hydrothermal process allowed for rapid heating
to temperature and extremely rapid kinetics of crystallisation
whilst retaining the desired properties of electronic materials
[15].

Photoelectrochemistry is a powerful tool in its ability to
evaluate the photoactivity of different TiO2 nanocrystallites
[16]. The immobilisation of TiO2 on a conductive substrate
permits potentiostatic control of thin nanocrystalline TiO2
films, aiding charge separation of electrons in the bulk and
holes at the surface. During the photoelectrochemical process,
a photocurrent can be recorded and electrochemical techniques
(e.g., amperometry, linear-sweep voltammetry) can be used
to study the electron transfer at the semiconductor–solution
interface.

In this work, different types of TiO2 colloids (i.e., non-
processed, microwave hydrothermally processed and conven-
tional hydrothermally processed TiO colloids) were immo-
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2.2. Preparation of porous TiO2 film electrodes

2.2.1. Preparation of colloidal TiO2

Aqueous TiO2 colloid was prepared by hydrolysis of titanium
butoxide according to the method described by Barbe et al. [11].
Briefly, 16 cm3 of isopropanol and 50 cm3 of titanium butoxide
were accurately measured into a 150 cm3 dropping funnel. The
resulting solution was added over 15 min with vigorous stirring
to 600 cm3 of Milli-Q water in a conical flask. On completion
of the addition, 4.0 cm3 of 70% nitric acid was added to the
solution as a peptising agent. The conical flask containing the
above solution was immersed in a hot water bath, heated to 80 ◦C
and stirred continuously. After 10 h, approximately 400 cm3 of a
white colloidal solution remained and was stored in a darkened
glass vessel. The sample, which was not further hydrothermally
processed, was labelled as NP.

2.2.2. Convection hydrothermal (CH) treatment
A previously described procedure was followed to prepare

convection hydrothermally treated titanium dioxide [5]. One
hundred cubic centimetres of titania colloid prepared as above
was placed into a 200 cm3 Pyrex glass-lined stainless steel auto-
clave Parr-bomb. The sample was treated for 15 h at 200 ◦C in
a convection oven (1300 W, SEM), cooled to room temperature
for 2 h and the suspended product was allowed to stand for 24 h.
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ilised on indium-doped tin oxide (ITO) conducting glass sub-
trates, resulting in TiO2 thin-film electrodes. The photoelec-
rochemical behaviour of the corresponding TiO2 electrodes is
resented. The electrochemical information obtained in the pho-
oelectrochemical oxidation of glucose and potassium hydrogen
hthalate (KHP) was used to evaluate the photoactivity fore-
asted by physicochemical properties of the TiO2 crystallite:
mall particle size and high crystallinity. From a kinetic view-
oint, organic compounds can be classified into two defined
roups in photocatalysis: those that are weakly adsorbed and
hose that are chemisorbed to the photocatalytic surface [17].
lucose was chosen as a model compound as it represents a
eakly adsorbed or non-adsorbed organic molecule, where the
rst step in the oxidation involves a bimolecular reaction with the
ormation of a trapped hole and a subsequent surface hydroxyl
adical (OH•). Whilst KHP as a model compound represents

chemisorbed organic species, for which the initial step is
irect photo-generated hole transferring to the surface complex
9,17].

. Experimental

.1. Materials

ITO conducting glass slides (8 �/square nominal resistiv-
ty) were commercially supplied by Delta Technologies Lim-
ted. Titanium butoxide (97%, Aldrich) and potassium hydrogen
hthalate (AR, Aldrich) were used as received. All other chemi-
als were of analytical reagent grade and unless otherwise stated
ere purchased from Aldrich. All solutions were prepared using
igh purity deionised water (Millipore Corp., 18 M� cm).
.2.3. Microwave hydrothermal treatment
Microwave hydrothermal treatment has been reported in

etail elsewhere [13]. Briefly, a 30 cm3 aliquot of non-processed
NP) TiO2 colloid was placed into a Teflon-lined digestion
essel. A microwave oven (1000 W, ETHOS MicroSYNTH
icrowave labstation, Milestone) was set at 80% power and

he pressure ramped from atmospheric to the required pressure
60 psi) over a 2-min period. The duration of the treatment was
, 10 and 15 min, with the resulting samples labelled as M5,
10 and M15, respectively.

.2.4. Preparation of nanocrystalline TiO2 thin-film
lectrodes

A measured volume of TiO2 colloidal solution (NP, CH, M5,
10 or M15) prepared above was concentrated on a rotary evap-

rator to 8% (w/w) separately, a white semi-viscous colloidal
olution resulting in. Forty percent TiO2 weight equivalent (e.g.,
.6 g in 50 cm3 8% colloidal solution) of polyethylene glycol
arbowax (6000 MW) was added to each resultant solution and

tirred for approximately 20 min.
Films were prepared in a clean room environment to minimise

ontamination from dust particles. The TiO2 colloidal solution
as stirred vigorously and ultrasonicated for 20 min prior to dip-

oating to achieve a consistent homogeneous mixture. The ITO
lide was used as the electrode substrate and was pre-treated by
ashing in turn with detergent, water, acetone and water and
nally dried by pure nitrogen gas. After pre-treatment, the ITO
lide was dip-coated in the TiO2 colloidal solution with a with-
rawing speed of 1.0 cm/min. The coated electrodes were then
alcined in a muffle furnace at 450 ◦C for 30 min in air. Double
oating was achieved by repeating this procedure. The thickness
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Fig. 1. Schematic diagram of the photoelectrochemical cell setup for the eval-
uation of TiO2 thin-film electrodes. The distance between quartz window and
working electrode is ∼5 mm.

of the TiO2 nanoporous film was 500–800 nm, measured with a
surface profilometer (Alpha-step 200, Tencor Instruments).

2.2.5. Electron micrographs of TiO2 colloids and thin films
The colloidal particles were immersion dispersed on a copper

grid and the morphology and grain size of particles were deter-
mined using high resolution-transmission electron microscopy
(HR-TEM) on the JEOL FX-2010F analytical scanning TEM
operating at 200 kV.

Thin films prepared as above were scored on the reverse of the
glass slide and broken to produce an edge profile for analysis.
The film surface morphology and an estimate of the surface
porosity were obtained using SEM on the JEOL JSM 6400 or
the JEOL 840A analytical scanning SEM operating at 15 kV.

2.3. Photoelectrochemical cell assembly and measurements

All photoelectrochemical experiments were performed at
23 ◦C in a three-electrode electrochemical cell with a quartz
window for illumination as shown in Fig. 1. The working elec-
trode surface area exposed to solution was a circle with diameter
of 10 mm. In order to minimise the absorption of UV light by the
water solution, the distance between the quartz lens and working
electrode was shortened to 6 mm by a Ø 14 mm quartz lens-fitted
tube (see Fig. 1). Illumination was achieved with a 150 W xenon
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Table 1
Average crystallite sizes of TiO2 colloids and TiO2 films on electrodes calculated
from XRD patterns

Sample Particle size of
TiO2 colloid (nm)

Particle size of
TiO2 thin film (nm)

NP 3.4 6.2
M5 4.8 7.0
M10 4.8 9.5
M15 6.6 10.0
CH 10.2 12.6

were recorded on a Macintosh computer (7220/200) coupled to
a Maclab 400 interface (AD Instruments).

3. Results and discussion

The colloids obtained from different processes, i.e., CH,
M15, M10, M5 and NP, were characterised using XRD, TEM,
Raman spectra and electron diffraction as described in the lit-
erature [13]. The results demonstrated that the CH processed
and the microwave hydrothermally treated (M15, M10 and M5)
TiO2 samples were highly crystalline, while NP TiO2 was semi-
amorphous. The TiO2 thin films that had been sintered at 450 ◦C
for half an hour were also subjected to the XRD analysis.
The result showed that the TiO2 films were in agreement with
the results attained for the colloids and consisted of primarily
anatase with a very small amount of brookite phase present. This
indicates that calcination at 450 ◦C does not change the crys-
talline phase of TiO2. The average crystallite size of the TiO2
colloid and those immobilised on the electrode were calculated
using the Scherrer equation [13] and listed in Table 1. The con-
vection hydrothermally processed colloid and its resulting elec-
trode had the largest particle size due to the long hydrothermal
process (i.e., 15 h), while the microwave-processed colloids also
showed a proportional increase in crystallite size with treatment
time. Accordingly, the non-hydrothermally processed samples
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rc lamp light source with focusing lenses (HF-200w-95, Bei-
ing Optical Instruments). To minimise sample heating from the
nfrared fraction of the source, the beam was passed through
n UV-band pass filter (UG-5, Schott) prior to illuminating
he electrode surface. Light intensity was 6.2 mW/cm2, which
as measured with a UV-irradiance meter (UVA, Instruments
f Beijing Normal University). A saturated Ag/AgCl electrode
nd a platinum mesh were used as the reference and auxiliary
lectrodes, respectively, with 0.1 M NaClO4 chosen as the sup-
orting electrolyte. A voltammograph (CV-27, BAS) was used
or application of potential bias in the photoelectrolysis and lin-
ar potential sweep experiments. Potential and current signals
ad the smallest size. Comparatively, the nanocrystallite sizes of
he TiO2 electrode increased slightly over that of the colloidal
orm due to the calcination process at 450 ◦C with necking of
articles and surface agglomeration leading to larger apparent
izes.

.1. Photoelectrochemical characterisation

Under UV illumination, electrons in the TiO2 semiconduc-
or are promoted from the valence band to the conduction band.
ositive charged holes remain in the valence band and electrons
ccupy the conduction band. TiO2 electrodes prepared by immo-
ilising TiO2 on conducting substrates retain the photophysical
nd photochemical properties of individual particles and thus
arry out the photocatalytic reactions with similar selectivity
nd efficiency as in TiO2 suspensions [18]. Since the holes in
he valence band can seize electrons, an appropriately irradiated
iO2 electrode can serve as a photoanode to split water into
xygen and hydrogen [19,20] and oxidise a variety of organic
ollutants in wastewater [18,21,22].
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Fig. 2. Linear sweep voltammograms of TiO2 electrodes at a scan rate of
10 mV/s in 0.1 M NaClO4 solution under UV illumination. UV illumination
intensity was 6.6 mW/cm2.

Recombination of the induced electron–hole pair dimin-
ishes the photocatalytic activity of TiO2 yet under a sufficiently
positive potential, it has been shown that the recombination
can be effectively inhibited [2]. Since effective separation of
photo-generated electron–hole pairs occurs very close to the
electrode–solution interface, it is of importance to concentrate on
this region in our studies, since the rest of the electrode plays only
the role of a conductor for the generated charge carriers. Under a
given potential, thinner films favour an increased electrical field
for the separation of electron–hole pair, hence, thinner films are
more capable of realising charge separation over the whole layer
of the TiO2 thin film, leading to higher photocatalytic efficiency.
Also thinner films have a smaller resistance compared with films
of a greater thickness, which aids in the separation of electrons
away from the site of excitation and hence the hole [23]. Thin
films were therefore used to characterise the electrodes made
from different colloids. The thickness of the electrode was con-
trolled in the range of 500–800 nm by adjusting viscosity and
withdrawing speed of the electrode from the coating solution
during the preparation procedure.

In the absence of UV illumination, small negative currents
were observed at potentials more negative than −0.30 V for all
the TiO2 electrodes. This is due to the TiO2 crystallites not cov-
ering the entire surface of the conducting ITO substrate and the
reduction of oxygen occurs at the naked ITO surface, generating
negative currents under a sufficiently negative applied poten-
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applied potential is more positive than +0.2 V (versus Ag/AgCl
reference). The applied potential was used for the harvesting
of the electrons generated from the oxidation of water [25].
The saturated photocurrents observed at a potential >+0.20 V
implies that the electrons generated from the oxidation of water
molecules by valance holes were almost forced to transfer to the
counter electrode via the electronic circuit. Therefore, further
increase in applied potential would not result in a significant
increase of the photocurrent. The sequence of the saturated pho-
tocurrent was in the order of CH > M15 > M10 > M5 > NP. The
implication of this sequence is that in terms of water oxidation,
the photoactivity of microwave hydrothermally processed col-
loids (M5, M10, M15) was significantly improved compared
with the non-processed colloid, although they do not exhibit
the same efficiency as the convection hydrothermally processed
colloids. Also, the photocatalytic efficiency increased with the
processing time of microwave hydrothermal treatment for the
colloids, as indicated by the sequence of saturated photocur-
rents for the resulting electrodes in regard to water oxidation,
i.e., M15 > M10 > M5.

3.2. Photoelectrochemical oxidation of glucose

In addition to the oxidation of water, organic compounds can
also be oxidised at an illuminated TiO2 electrode. In practice,
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ial. Fig. 2 shows the voltammograms of the TiO2 electrodes
n 0.1 M NaClO4 aqueous solution (pH 7) under UV illumina-
ion. As shown in Fig. 2, the negative currents for different TiO2
lectrodes maintained at the same magnitude at the negative
otential under UV illumination, demonstrating that the reduc-
ion current is due to the electrochemical reduction of oxygen
nd is independent of the photoelectrochemical process.

Under UV illumination, the resulting photo-generated holes
xidise water molecules to produce a photocurrent. As shown
n Fig. 2, the photocurrent increased with the applied potential
efore reaching a plateau. This photocurrent–potential char-
cteristic is similar to that observed for TiO2 single crystal
lectrodes [24]. The photocurrent becomes saturated when the
rganic compounds are more readily oxidised by the photoan-
de than water [26]. The photoelectrochemical oxidation of
rganic compounds is so effective that complete mineralisa-
ion of organic compound can be achieved with TiO2 electrodes
2,25,27]. The general equation for mineralisation can be sum-
arised as follows:

yHmOjNkXq + (2y − j)H2O

→ yCO2 + qX− + kNH3 + (4y − 2j + m − 3k)H+

+ (4y − 2j + m − 3k − q)e− (1)

here the elements present are represented by their atomic sym-
ols and X represents a halogen atom. The stoichiometric ratio
f elements in the organic compound is represented by the coef-
cients y, m, j, k and q.

Alcohols and aldehydes are readily oxidisable electrochem-
cally but are more difficult to mineralise or oxidise completely
o CO2 due to the difficulty of decarboxylation, which requires
arbon–carbon bond cleavage [28]. For example, the electro-
hemical oxidation of glucose to gluconic acid at a Pt electrode
equires a very positive electrode (i.e., >+1.0 V versus SHE)
29]. In the absence of UV illumination, no significant Faraday
urrent was observed for all the TiO2 electrodes even when the
lucose concentration was increased to 100 mM, which suggests
hat neither glucose nor water could be oxidised by the TiO2
hin-film electrode at an applied potential of +0.30 V (versus
g/AgCl).
A typical photocurrent response of TiO2 thin-film electrode

nder UV illumination is presented in Fig. 3. As the figure indi-
ates, a steady background current was first observed for the oxi-
ation of water. With the injection of a higher glucose concentra-
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Fig. 3. Typical photocurrent response for the oxidation of glucose under con-
stant stirring at −0.30 V vs. Ag/AgCl using a CH TiO2 thin-film electrode. The
concentration of glucose (�M) is indicated in the plateau region of the response.
UV illumination intensity was 6.6 mW/cm2.

tion, the photocurrent increases and then reaches a steady state,
which is the aggregate current for the oxidation of water and
glucose. Fig. 4 illustrates the photocurrents from different elec-
trodes as a function of glucose concentration. The CH electrode
had the highest background current and is dramatically higher
than other electrodes (see Fig. 4a). The intensity of the back-
ground currents is in the order of CH > M15 > M10 > M5 > NP.
This correlates to the order of the saturated current seen in

F
e

the voltammograms in Fig. 2. The residual background current
(when glucose concentration is zero) is also due to the oxidation
of water [9], which is described in the previous section.

Under UV illumination, the photocurrent increased with an
increase in glucose concentration. The photocurrents indicated
in Fig. 4a are the overall current for the oxidation of water
and glucose. Comparatively, the water-splitting current was rel-
atively stable even in the presence of different concentrations
of organic compound [2]. In order to directly compare the
oxidation ability with glucose, the background current due to
the oxidation of water was subtracted from each overall cur-
rent, respectively, and a new photocurrent profile as a func-
tion of glucose concentration was obtained and presented in
Fig. 4b. The net photocurrent in Fig. 4b is a manifestation of
the oxidation rate of the organic compound, glucose, in solu-
tion. Thus, the net current can be used to describe the oxidation
capacity of the various TiO2 electrode preparations. Fig. 4b
clearly indicates that the sequence of increasing photocurrent
was CH > M15 > M10 > M5 > NP. Therefore, the electrode made
from non-processed colloid had the lowest oxidation ability
while the electrode prepared from convection hydrothermal col-
loid had the strongest oxidation capacity in terms of glucose oxi-
dation. Again, a trend is observed for the increase in microwave
hydrothermal treatment time, with the oxidation ability of the
resulting electrodes increasing with respect to treatment time.

As shown in Table 1, the order of the TiO particle size
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ig. 4. (a and b) Photoelectrochemical oxidation of glucose using TiO2 thin-film
lectrodes. Experimental conditions are as those indicated in Fig. 3.
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2
as CH > M15 > M10 > M5 > NP. Smaller particle size normally

esults in an increase in exposed photocatalytic surface area;
herefore, the order of the electrode surface area should be
H < M15 < M10 < M5 < NP, which is opposite to the trend of

he photocurrent.
Under the same experimental conditions, besides surface

rea, crystallinity of the TiO2 electrode can also affect the pho-
ocurrent. An explanation for the above anomaly, in the expected
hotocatalytic ability, can be found in the relative crystallinity
f the particles, as it is well-known that crystallinity determines
uantum efficiency [2] and becomes a significant property in the
pparent oxidation ability. Poor crystallinity of the TiO2 crystal-
ite gives rise to low quantum efficiency. The XRD and electron
iffraction data illustrated that the TiO2 crystallites of the NP
lectrode had the lowest crystallinity, which was demonstrated
n the literature [13]. Therefore, minimum quantum efficiency
f NP electrodes can be attributed to lowest crystallinity of TiO2
hin films that were made from the NP TiO2 colloids. The con-
erse is true, since as the degree of crystallinity increases in the
icrowave samples (M5 → M10 → M15), so does the apparent

fficiency of the electrodes for glucose oxidation too, with the
ighly crystalline CH electrode having the highest oxidation effi-
iency in the studied electrodes. This rationalisation is supported
y the proposed mechanism for oxidation of weakly adsorbed
olecules at the titania surface. Highly crystalline materials will

esult in less defect sites due to the crystalline nature of the parti-
les giving a surface rich in exposed Ti–O. The formation of OH•
adicals on the surface of TiO2 occurs through weak adsorption
f water molecules to the dangling bonds of oxygen atoms since
he TiO2 surface is slightly less saturated in comparison to the
ulk. Under band gap excitation, positive charge carriers migrate
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Fig. 5. (a and b) Photoelectrochemical oxidation of KHP using TiO2 thin-film
electrodes. Experimental conditions are as those indicated in Fig. 3.

to the surface resulting in OH• radical formation. The increased
crystalline material of the CH and microwave-processed elec-
trodes leads to an increased concentration of surface hydroxyl
radicals and hence a higher quantum efficiency for degradation
of species oxidising via the weak adsorption mechanism.

3.3. Photoelectrochemical oxidation of KHP

The oxidation capacity of the TiO2 electrodes for adsorbed
organic compounds was also tested using KHP. Phthalic acid,
the conjugate acid of KHP, is an aromatic compound having
two carboxyl groups, which are known to strongly adsorb to
the surface of TiO2 [9]. Fig. 5a shows the photocurrent of TiO2
thin-film electrodes as a function of KHP concentration, and
Fig. 5b shows the net photocurrent resulting from the photoelec-
trochemical oxidation of KHP by subtracting the background
current as described in Section 3.2. Fig. 5 is dramatically differ-
ent from Fig. 4, due to the different oxidation mechanism that
KHP undergoes in comparison to glucose as mentioned earlier.
As was observed in Section 3.1 (Fig. 2), the background currents
in Fig. 5a indicate that the rate of oxidation of water is affected
by the method of treatment of colloidal precursors for the TiO2
electrodes.

After subtraction of the background current (see Fig. 5b), the
net photocurrents of all the TiO2 electrodes were very similar
a
t

suggested that under low concentration circumstances, the mass
transport of KHP from the bulk solution to the electrode surface
was the rate-limiting step among the interfacial processes.

In order to identify the oxidation capacity of the TiO2 elec-
trodes, the concentration of KHP was increased. When the KHP
concentration was >20 �M, the difference in the photocurrent
profiles begin to become significant. In the concentration range
of 20–80 �M KHP, the photocurrents derived from the oxida-
tion of KHP were in the order of M15 > M10 > CH > M5 > NP.
The reasoning behind M5 TiO2 electrode having a weaker KHP
oxidation current than CH electrodes in this concentration range
(Fig. 5b) is due principally to the insufficient photoactivity that
results from inadequate microwave hydrothermal treatment, i.e.,
only 5 min. With extended treatment time, i.e., 10 and 15 min,
M15 and M10 TiO2 electrode demonstrated higher KHP oxida-
tion current than CH electrodes.

Significant increase of the KHP oxidation currents for M15,
M10 and M5 electrodes was not observed with any further
increase of the KHP concentration (>80 �M KHP), which indi-
cated that the KHP oxidation reaction had reached a limit-
ing capacity for the M15, M10 and M5 electrodes. Interest-
ingly, decreased overall photocurrents of the CH and NP elec-
trodes were witnessed with increase of the KHP concentration
(80–200 �M KHP). We identify this as a passivation effect, as
a steady state current could be still obtained in this concen-
tration range. With further increases in the KHP concentration
(
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t low KHP concentrations (<20 �M KHP). This demonstrated
hat all the TiO2 photoanodes here are able to oxidise KHP, and
>250 �M), the overall photocurrent for CH and CP electrodes
ecreased even further, to a current, which was lower than their
nitial background currents, respectively. These photocurrents
re not indicated in Fig. 5 because to obtain a steady state current
t required a substantial deviation from the time scale in this sce-
ario, i.e., the current keep decreasing to a very low current (e.g.,
5 �A) over a very long time period (e.g., 1 h). This observation
an be considered as poisoning of the CH and NP electrodes,
s the electrodes not only lose their ability to efficiently oxidise
HP, but also diminish the ability to oxidise water. The reasons

or surface poisoning of CH and NP electrodes are different.
he apparent cause of the NP TiO2 electrode poisoning can be
ttributed to the insufficient photoactivity due to the poor crys-
allinity as discussed previously, while the cause of the CH TiO2
lectrode poisoning will be discussed in detail below.

Of particular note in Fig. 5 is the reversal of the apparent
xidation capacity of the TiO2 electrodes with the sequence of
15 > M10 > CH, in contrast to the situation of glucose oxida-

ion in Fig. 4, where the sequence was CH > M15 > M10. This
eversal can be reasonably explained with consideration of the
elative porosity of the TiO2 particles produced from the dif-
erent hydrothermal processes and the mesoporous morphology
f the subsequent films. This is illustrated in Fig. 6, where the
acroscopic roughness of the microwave-processed electrode

s comparable to that of the ITO substrate—the surface appears
mooth and the nanoporous nature of the film is not evident
ven at high SEM magnification. In comparison, Fig. 7 depicts
n image of the CH electrode surface where many large and
oose aggregates are visible, affording these films an increased

esoporous structure. This porous structure will result in a large
pecific surface area. In other words, CH electrodes have the
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Fig. 6. SEM image of microwave-processed electrode surface (M10). Image
was taken at an operating angle of 63◦ to the plane. The smooth macroscopic
morphology of the surface is evident at this magnification.

largest overall ‘effective’ TiO2 surface area for the same geo-
metric electrode area, or in terms of oxidation capacity, have
the largest number of oxidation reaction sites among all the
electrodes. This also explains the behaviour of CH electrodes
towards water oxidation, i.e., it has the highest background pho-
tocurrent. The increased porosity of the CH electrode would
allow greater diffusion of KHP within the TiO2 thin film. When
the diffusion rate was such that oxidation of KHP was lim-
ited by the surface oxidation capacity, electrode poisoning was
observed.

Another significant difference between Figs. 6 and 7 is the
relative packing density of TiO2 nanoparticles. The films pro-
duced from microwave TiO2 (see Fig. 6) show the nanoparticles
as a densely packed structure, while TiO2 aggregates on the CH
electrode are visibly loosely connected (see Fig. 7), that is, M15,
M10 and M5 TiO2 films are more compact than the CH TiO2
film. The more compact structure of the TiO2 film will result
in more dense TiO2 active sites for photoelectrochemical oxida-
tion. This conclusion is supported by the HR-TEM micrographs.

F
s
t

Fig. 8. High resolution-TEM micrograph of microwave-processed colloidal dis-
persions (M10). The spherical TiO2 grains have an even and regular lattice
appearance.

Analysis of the TiO2 particles with HR-TEM (Fig. 8) reveals
that microwave-processed colloidal particles are spherical grains
of TiO2 oriented along a single crystal plane. These spherical
grains would allow for close packing within the film, leading to a
dense film structure. The convection hydrothermal particles pos-
sess noticeably different crystal morphology (Fig. 9). The grain
in the centre of the micrograph shows a multi-faceted crystal
with no distinct epitaxial growth. The extended hydrothermal

F
c
i

ig. 7. SEM image of CH TiO2 thin-film electrode. The porosity of the electrode
urface is evident at this magnification in comparison to that of the microwave-
reated colloidal sample of Fig. 6.
ig. 9. High resolution-TEM micrograph of convection hydrothermal (CH) pro-
essed colloidal dispersions. The particles depicted here have multi-faceted and
rregular grain morphology with disjointed lattice planes evident.
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treatment results in an asymmetrical crystalline particle that, in
comparison to the spherical microwave particles, would have a
decreased packing density in the thin film. This discontinuously
packed film gives an irregular surface morphology and increased
porosity, as depicted in Fig. 7.

Poisoning occurs due to a series of factors: (i) the strong
adsorption nature of KHP and its intermediates; (ii) fast mass
transport of KHP; and importantly, (iii) limited oxidation capac-
ity of the electrodes, which is related to the porosity and density
of the oxidation reaction sites. In the adsorption model for KHP
a bond is formed between the carboxylate groups of KHP and
free Ti4+ atoms exposed at defect sites on the TiO2 surface
forming a much stronger pseudo titania ester linkage [30]. The
incomplete oxidation of KHP also produces a chemically bound
carboxylate radical. Therefore, high concentrations of KHP
and/or degraded species capable of adsorption are accumulated
at the electrode surface. The mechanism of oxidation of adsorbed
species involves the generation of photo-holes prior to oxidation
of the adsorbate; thus, any accumulation at the surface would
lead to a decreased photocatalytic effect. As a result, the rate of
photo-hole formation is slowed by the adsorbate, which blocks
the TiO2 electrode’s reactive sites. It is reported that adsorp-
tion of KHP via carboxylate groups hinders the sites for bridged
electron transfer and reactant adsorption, which will undoubt-
edly affect the electron transfer [31]. The increased porosity of
the CH electrode apparently favours the mass transport of KHP,
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rioration of the TiO2 electrode. The adsorption of KHP and its
intermediates occurs only when the mass transport of KHP and
its intermediates are greater than the capacity of the CH elec-
trodes. This situation does not occur for the M5, M10 and M15
electrodes because these electrodes are capable of processing
KHP and its intermediates in an effective manner as discussed
above.

Surface poisoning was not observed in experiments involving
the oxidation of glucose with modified TiO2 electrodes, even at a
much higher concentration (up to 10 mM). This can be attributed
to a number of factors. Firstly, the oxidation of KHP is more
difficult than that of glucose, although complete oxidation of
KHP can be achieved [2,9]. This is supported by observation of
steady state oxidation currents using different TiO2 electrodes,
which were obtained at a much lower concentration for KHP (in
a �M range) than that for glucose (in a mM range). Secondly,
glucose, a molecule with hydroxyl functional groups, is known
not to adsorb or be only weakly adsorbed to TiO2 surfaces, thus
not forming a strong chemical bond with the TiO2 substrate.
The inability to adsorb to the surface provides a more active
photocatalytic environment in which the species are oxidised
more readily and mass transport between the bulk and the surface
occurs at an increased rate.

4. Conclusion
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nd increases the concentration of adsorbed carboxylate radi-
als, which passivates the active reaction sites. Thus at increased
oncentrations of KHP, the oxidation capacity of the CH elec-
rode becomes limited compared to that of microwave-processed
M5, M10 and M15) electrodes. Hence, the nanoporous nature
f microwave-processed electrodes limits diffusion within the
lectrode, which favours rapid exchange with the bulk solution.
his effectively increases the oxidation capacity of microwave-
rocessed electrodes for this species and mechanism of oxida-
ion.

Overall, because of the difference in the colloidal hydrother-
al treatments, M15, M10 and M5 TiO2 electrodes have more

ense reactive sites than CH TiO2 electrodes. The surface with
ense reactive sites has two advantages in terms of diminishing
lectrode poisoning. Firstly, less KHP and/or its intermediates
an diffuse into the inner layer of the TiO2 film and passivate
eactive sites. Secondly, the efficient co-ordination among reac-
ive sites due to the dense configuration of the reactive site can
xidise KHP and its intermediate more effectively.

This interpretation is supported by the occurrence of pale
ellow stains observed on the CH TiO2 electrode surface, which
as not observed for the M5, M10 and M15 electrodes, during

he photoelectrochemical oxidation of KHP. The yellow stain
annot be simply washed away but can be removed by photo-
lectrochemical oxidation in a supporting electrolyte solution
nly (i.e., without any organic compound) under UV illumina-
ion. This demonstrates that the CH TiO2 electrodes are capable
f oxidising KHP and its intermediates when the KHP concen-
ration is low. This also indicates that the pale yellow substance
n CH TiO2 electrodes is due to the adsorption of KHP and its
ntermediates during the oxidation of KHP rather than the dete-
Among the TiO2 thin-film electrodes examined in this study,
.e., CH, M15, M10, M5 and NP electrodes, it was demonstrated
hat CH TiO2 electrodes had the highest oxidation capacity for
ater and glucose. However, it was also shown to be easily pas-

ivated and/or poisoned by KHP, a highly adsorptive aromatic
ompound. For KHP, TiO2 electrodes prepared from microwave
ydrothermal treated colloids (M15 and M10) had a higher oxi-
ation capacity than that from CH and NP colloids, yet the sur-
ace passivation and poisoning due to excessive KHP adsorption
as not observed for the M15, M10 and M5 electrodes. This can
e considered as a significant advantage over CH electrodes for
he photoelectrochemical oxidation of strongly adsorbed organic
ompounds. The affinity of the microwave samples for the oxida-
ion of water, glucose and KHP, correlated well with their relative
rystallinity as characterised by XRD and electron diffraction
xperiments. A change in surface and morphological proper-
ies as the polycrystalline particles assume a refined crystalline
hase during the hydrothermal process can also contribute to
he observed anomaly. The comparable capacity of microwave-
rocessed electrodes for surface radical oxidation and increased
hotocatalytic oxidation power for adsorption-based oxidation
rocesses demonstrate that microwave hydrothermal process-
ng is an advantageous alternative to convection hydrothermal
reatment of TiO2 colloids.
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