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ABSTRACT

The efficiency of photoelectrocatalytic processes is strongly influenced by the
electrode type and synthesis procedure. This work reports the sol-gel synthesis and
characterization of TiO, and Fe-doped TiO, powders and electrodes as a function of pH and
preparation temperatures and the correlation of their photoelectrochemical properties with
their activity for azo dye decolourization. pH is shown to be the variable that most influences
the formation of the TiO; crystalline phases, the photocurrents of the electrodes, and
consequently their photocatalytic activity.

Electrodes synthesized at low pH and heated at temperatures below ~ 600 °C show a
significant increase in the photocurrent recorded in the presence of methanol. This is
attributed to suppression of the charge recombination rather than to a conventional current-
doubling mechanism. The photocatalytic activities of the electrodes show a good correlation
with the photocurrent measured in the presence of methanol. The mechanistic implications of
this correlation are discussed.

Iron-doping reduces the activity of the sol-gel electrodes for dye decolourisation. This
contrasts with previous results for bacteria disinfection, which is believed to proceed by a
hydroxyl radical mechanism. Consequently, it may be that the behaviour of iron as
recombination centres or as trapping sites that improve the separation charges may depend on
whether the photoelectrocatalytic reaction proceeds by a hydroxyl radical mechanism, as was
shown for deactivation of E. coli or by direct hole-transfer, as is suggested by the parallels

between dye decolouration and the electrode response to methanol that are reported in this

paper.
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1. INTRODUCTION

The heterogeneous photocatalytic oxidation of many chemical pollutants has been
reported, and the fundamentals of this semiconductor-mediated photochemical-degradation of
contaminants have been extensively reviewed in recent decades [1-8]. TiO; slurries have been
shown to be highly active for water detoxification and allow simple dosing and reactor
operation. However, the commercial application of photocatalytic water treatment has been
hindered both by difficulties of post-reaction catalyst recovery [9] and by low quantum
efficiencies [10], which means that large reactors are required for small capacity plants. Both
problems may be addressed by immobilization of TiO, on a conducting support and

application of a potential bias, leading to the so-called photoelectrocatalytic process [11,12].

The application of a small positive potential to a semiconductor increases the potential
gradient within the depletion layer formed near to the TiO,/solution interface. UV radiation
excites electrons to the semiconductor conduction band where they are attracted by the
positive potential of the back of the anode and conducted by the external circuit to the cathode
where reduction reactions can occur. Simultaneously, the positive holes in the valence band
migrate to the TiO,/solution interface where they can oxidize organics. Thus, the applied
potential improves charge-separation and reduces unproductive recombination processes.
Several research groups have reported the photoelectrocatalytic degradation of different

organic pollutants [13-20] and also the disinfection of bacteria suspensions [21,22].

The efficiency of photoelectrocatalytic processes is highly dependent on the electrode
type and synthesis procedure [21-24]. A common preparation of TiO, electrodes is to coat
conducting materials with titania sol-gel suspensions, and this procedure provides fine control
of the physicochemical properties, and hence of the photocatalytic activity, of the TiO,
crystalline phase [25]. Three critical variables in sol-gel coating preparations are: i) the
temperature of the heat treatment used to crystallize the titania [21]; ii) the presence of metal
ion dopants on the semiconductor network [22]; and iii) the pH of the synthesis and coating

suspensions [26].

This study correlates the photocatalytic and photoelectrocatalytic activity with the
physicochemical and electrochemical properties of sol-gel TiO,-coated titanium electrodes

synthesized using two different pH routes, different heat-treatment temperatures and



variations in iron doping. Iron was selected as it has been reported to increase the TiO;
photoreactivity for both oxidation and reduction reactions [27] and for photoelectrocatalytic
disinfection [22]. The study has followed successive steps of powder preparation, followed by

small test-electrodes preparation and finally large mesh electrode fabrication.

2. EXPERIMENTAL

2.1. Synthesis of the powder catalysts and electrodes

Titanium dioxide sols were prepared following a procedure based on that of O’Regan
et al. [28]. 50 mL of titanium tetraisopropoxide (TTIP) (97%, Aldrich) were mixed with 8 mL
of 2-propanol (ACS Reagent, Riedel-de Haén) and added dropwise to 300 mL of deionized
water (18.2 MQ-cm) under vigorous stirring to form a white precipitate. Iron-doped TiO,
suspensions were prepared by dissolving iron(l11) acetylacetonate (99.9%, Aldrich) in the
initial 2-propanol solution. At that point, the pH of the acid suspensions was adjusted by
slowly adding 2.12 mL of nitric acid 70% prior to refluxing for 8 hours at 80 °C. This
peptization process yielded a stable TiO; colloidal suspension.

The derived powders were separated by increasing the pH of the colloidal suspensions
to 6.5 with sodium hydroxide prior to vacuum-filtering the suspension through a 2.7um paper
filter (Whatman Grade 542). The filter cake was resuspended in deionized water three times,
to remove the ions from the solution, until the filtrate conductivity fell below 200 uS cm™,
and finally was rinsed twice with 2-propanol to minimize particle agglomeration. Removal of
ions from the powders was confirmed by measurement of the sodium content of the materials
by inductively coupled plasma atomic emission spectroscopy (ICP-AES) in a Varian Vista
AX instrument. The solids were dried at room temperature and then calcined at the desired

temperature.

To prepare the electrodes, the viscosity of the colloidal suspension was first increased
by concentration to ca. 150 g L™ titania, using a vacuum rotary evaporator. Small thin-film
electrodes were fabricated by dropping suspension onto 1 cm x 1 cm titanium plates (99.6%,
Goodfellow) which were spun at 2800 rpm prior to calcination for 10 minutes at the desired

temperature. The dropping, spinning and heating sequence were repeated five times. Large



electrodes were fabricated by dipping a cylindrical titanium mesh (Expamet, 42% open area,
1.5 mm x 1 mm diamond-shaped holes) into the concentrated titania suspension, followed by
draining, spinning horizontally at 2800 rpm, and calcining. This sequence was also repeated

five times.
2.2. Characterization techniques

X-ray diffraction (XRD) patterns of both the powder materials and the small plate
electrodes were collected in the range 10 <26 <90° in a Philips X’Pert diffractometer using
nickel filtered monochromatic Cu Ka radiation. The average size of TiO, crystallites was
estimated from the broadening of the main X-ray diffraction signals (anatase 101 at 26~25.3°

and rutile 110 at 26~27.4°) using Scherrer’s equation.

The BET specific surface areas of the samples were calculated from the nitrogen
adsorption— desorption isotherms at 77K obtained in a Micromeritics Tristar 3000 equipment.
Thermal analysis of the precursor sols were carried out in a Setaram Setsys 18A TG-DTA

instrument using air as carrier gas and a heating ramp of 5°C min™.

The incorporation of iron into the powder Fe/TiO, materials was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) in a Varian Vista AX
instrument. The catalysts were dissolved by attack with hydrofluoric acid and rinsed to a 50
mL volume with deionized water. The iron concentration in the solution was quantified
through its emission lines at 238.204 nm and 259.940 nm after calibration with certified
standards. The iron doped samples are yellowish-brown which indicates a shift of the
absorption edge to the visible, which is characteristic of iron doping. Possible enhancements
of ‘visible photocatalysis’ associated with this effect have not been addressed in order to

focus on the comparison of UV photocatalysis by doped and undoped samples.

The morphology of the TiO, films on the coated electrodes was investigated by
scanning electron microscopy (SEM) on a JEOL JSM5300LV. By working at an acceleration
voltage of 25 kV under environmental conditions, the use of a conductive coating on the

sample was avoided.



Electrochemical characterization was carried out on the small plate electrodes by
cyclic voltammetry, with a sweep rate of 100 mV s™, using an Eco-Chemie pAutolab Type II
potentiostat. Potentials were quoted with respect to an Ag/AgCl reference electrode and a
nickel gauze (99%, Goodfellow) of 10 cm in diameter was employed as counter electrode. As
electrolyte, a 0.1 M solution of Na,SO,4 (99%, Riedel-de Haén) was used. Methanol was
obtained from Riedel-de Haén (99.8%). The electrochemical cell consists of a jacketed
cylindrical vessel made of Pyrex glass. lllumination was performed by two 36W actinic UV
lamps (Philips CLEO Compact) located above, whereas cooling water was circulated through
the jacket to prevent overheating and maintain a constant temperature [12]. Differences
between the responses of the electrodes in dark and illuminated conditions were used to

estimate the UV induced photocurrent as function of the applied potential.
2.3. Photoreactions procedure

Decolourization of the azo-dye Reactive Orange 16 (RO16) (Table 1) was used as a
model reaction to evaluate the photocatalysts. The 0.05 mM dye solutions were prepared
using deionized water; the photoelectrocatalytic experiments were conducted in 0.1 M
Na,SO4 solutions. The solution obtained after dissolving the dye was used without further pH

adjustment.

Table 1. Structure of Reactive Orange 16 (RO16), wavelength of the absorption maximum

and experimental extinction coefficient at this wavelength determined by calibration.
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The suspension of catalyst in the dye solution was contained within the annulus
between of two concentric Pyrex tubes and was illuminated by two 8W UV lamps (Sylvania
Black Light 350 FBW/T5/BL350) located in the axial well. The suspension was sparged by



oxygen via a sintered frit at the bottom of the reactor. For photocatalytic experiments, the
TiO, was suspended in the dye solution; for photoelectrocatalytic studies a two mesh-
electrode cassette was placed within the annular volume with the TiO, electrode closer to the

lamps. More details about the reactor can be found elsewhere [21].

The initially 0.05 mM dye solutions were equilibrated in the dark for 30 minutes in
contact with the TiO, and oxygen bubbles prior to the start of the reaction. After switching on
the lamps, the evolution of the reaction was followed by colorimetric measurements using a

Shimadzu UV/Vis spectrophotometer (see Table 1 for calibration results).

3. RESULTS AND DISCUSSION

3.1. Powder photocatalysts

The increased sharpness of the powder diffractograms (Fig. 1) of pure titania powder
photocatalysts synthesised in acidic media demonstrate that after calcination at 500 °C the
TiO, exists as small crystallites of anatase which grow substantially and partially transform to
rutile, as evidenced by the growth of the rutile maximum at 26~27.4°, after calcination at

600°C. The extent of rutilisation is higher for longer heat treatments.
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Figure 1. X-ray diffraction pattern of pure titania powder photocatalysts prepared under

acidic conditions.



A similar study was carried out for titania materials doped with 0.1 at % and 0.5 at %
iron (Figure 2). Only anatase and rutile crystalline phases were detected, suggesting the
incorporation of the doping ions into the titania crystal structure. However, the iron content is
very low and consequently the formation of iron-containing crystalline phases could be not
detectable. Again, the material calcined at 500°C consists exclusively of anatase, whereas a
significant transformation to rutile — much more than for pure titania and greater for the
higher iron level — was observed after heat treatments at higher temperatures and for longer
durations. The mass percentage of anatase has been calculated from the intensity ratio of the
diffraction-maxima of anatase (101; 26~25.3°) and rutile (110; 26~27.4°) using the
relationship anatase(wt%) = 0.884 x Aanatase / (0.884 x Anatase + Avutite) [29]. Table 2
summarizes the results of the crystalline analyses and of the average crystallite sizes

estimated from line-broadening [25].
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Figure 2. X-ray diffraction pattern of iron doped titania powder photocatalysts, prepared

under acidic conditions.



Table 2 also summarizes the XRD characterization and the photocatalytic activity for
samples prepared, using nitric acid, at pH 1.5 and also for those prepared in neutral aqueous
media. (As a shorthand pH 6.5 will be referred to in the remaining text as ‘neutral’ to
differentiate it from the acid pH 1.5). Synthesis at neutral pH leads to anatase, exclusively
[26] as implied by reports that low pH favours rutile formation [30] and to a smaller average
crystal size. For both sets of samples the average crystallite size of anatase increased
significantly with calcination temperature and with iron content, from 14 nm for pure titania
prepared at pH 1.5 and calcined at 500°C to 69 nm for 0.5% Fe doped titania calcined at
600°C for 18 hours. A plot of anatase crystallite size as a function of % anatase — see Figure 3
— is consistent with the widely accepted mechanism that anatase transforms to rutile when the
higher surface energy no longer compensates for its higher free energy of formation [31] and
demonstrates why the smaller crystals, formed at neutral pH, are 100% anatase even after
calcination at 600°C. These results imply that the role of iron is primarily to promote crystal

growth rather than acting as a specific rutilising agent.

Table 2. Synthesis conditions, crystallinity and photocatalytic activity in terms of the first
order kinetic constant for RO16 decolourisation of powder photocatalysts prepared at pH 1.5
and, in brackets, pH 6.5.

XRD Data

Sample code % Fe Temp.(°C) Anatase (%) Danat(nM)  kro (h™) 2P
P-TiIOr1  (-4) 0 500/2h 100 (100) 14(12) 022 (0.39)
P-TiOy2  (-5) 0 600/2h 89 (100) 42 (24) 032 (L.09)
P-TiOy3  (-6) 0 600/18h 76 (100) 50(26)  0.32 (0.60)
P-FeTiO,-1 (-7) 0.1 500/2h 98(100) 17(21) 010 (0.17)
P-FeTiO,-2 (-8) 0.1 600/2h 60 (100) 49(25)  0.16 (0.22)
P-FeTiO,-3 0.1 600/18h 25 65 0.08 -

P-FeTiO-4 (9) 05 500/2h 98 (100) 18(24) 009 (0.07)
P-FeTiO,-5 (-10) 0.5 600/2h 54 (100) 48(29)  0.10 (0.04)
P-FeTiO,-6 0.5 600/18h 13 69 - -

2 All the reactions were carried out with a catalyst concentration of 0.5 g L™
® The values of ko obtained with suspensions of commercial TiO, samples Degussa P25 and

Millenium PC500 under the same experimental conditions are 2.82 h™and 0.18 h™, respectively.
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Figure 3. Experimental relation between the percentage of anatase and the average
crystallite size for pure and iron-doped titania powders.

ICP-AES analysis confirmed that the incorporation of iron with respect to the nominal
content is almost total (>97%) for both pH values of synthesis. However, that not means that
iron is homogenously distributed on the titania particles. The reason is that the hydrolysis of
iron and titanium precursors can take place at different rates, usually leading to lower iron
content on the external surface of titania, as confirmed by the XPS analysis reported by Navio
et al. [32].

Thermal analysis of the precursor sols of the materials by TG-DTA (not shown) does
not evidence significant differences depending on the pH or the presence of iron. All the
curves exhibit an important weight loss through a endothermic process corresponding to the
solvent removal below 250°C, followed by a exothermic signal derived of the combustion of
the organic residuals and a less intense exothermic signal corresponding to the crystallization
of anatase that finish around 460°C. Above 460°C no significant weight losses or thermal
processes are observed suggesting that no important differences should be expected between
materials calcined at 500°C and 600°C apart from the crystalline transition from anatase to

rutile.

As examples of the photocatalytic activity, the decrease in dye concentration with

increasing radiation time is shown for four representative materials in Figure 4. For all

10



catalysts, the results were satisfactorily represented by pseudo-first order kinetics and the
derived rate constants are listed in Table 2. It can be noticed that the activity of all the
samples is lower than that achieved by suspensions of Degussa P25, but is comparable to the

activity of Millenium PC500 suspensions.
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decolourisation with powder photocatalysts.

The exclusively anatase catalysts prepared by the sol-gel route at pH 6.5 are
considered first. (The results are shown in brackets in Table 2.) The photoactivity for dye
decolouration of these powders was generally higher than that of otherwise equivalent
powders prepared at pH 1.5. Considering that the BET surface area of both types of powders
are quite similar (in the range of 15 to 21 m? g* depending on the calcination temperature),
this may be partially attributed to the smaller crystallite size of anatase and to the consequent

absence of rutile. Doping with 0.1 and 0.5 % iron reduced the apparent rate constant for dye

11



degradation. This implies that the increased charge-carrier recombination associated with iron
recombination centres in the bulk of the crystal is more important than charge separation by
e.g. electron trapping at Fe** centres in the catalyst surface. (In earlier studies recombination
became dominant in the range 0.1 to 0.5 atom %. [22]). In addition, for the undoped and the
0.1 % Fe doped neutral powders, an increase in the calcination temperature from 500 to
600°C increased the activity even though the sharper XRD diffraction lines imply the
expected increase in crystallite size at the higher temperature. Crystal growth would lower the
catalyst area and hence decrease dye degradation (which is generally considered to involve
reaction of an adsorbed dye molecule). However, sharpening of the diffraction patterns of
samples heated at higher temperatures can be due not only to crystal growth, but also to
improved crystallinity [25]. It is suggested that this improved crystallinity, decreases the
number of intrinsic recombination centres and therefore increases photocatalytic activity. For
the highly doped, 0.5 % Fe, crystals activity decreases with increasing calcination —
presumably because the extrinsic recombination centres associated with iron reduce the
relative benefits of a decreased number of intrinsic recombination defects associated with

improved crystallinity and therefore the effect of decreasing surface area dominates.

Although the photoactivity of samples prepared at pH 1.5 was generally lower than
that of neutral powders, iron doping again significantly reduced photoactivity. Thus in both
sets of samples the dominant role of the iron has been to introduce recombination centres
rather than to improve charge separation. This conclusion is in agreement with those reported
by several research groups [33-35] although other authors have reported the opposite
behaviour, with optimal doping levels varying widely from 0.05 at% [36] to 0.5 at% [27] and
0.7 at% [37]. It is probable that changes in the relative importance of bulk and surface
recombination, caused not only by surface area differences but also by changes in the degree
of crystallinity, contribute to the extreme sensitivity of iron doping to the synthesis

conditions.

3.2. Small electrodes

Figure 5 displays the SEM micrographs of the four small, 1 cm? thin-film electrodes
formed by coating titanium plates with sol-gel TiO,. These pictures suggest that at equivalent
temperatures of the heat treatment the acidic electrodes show smoother and more coherent

surfaces, whereas neutral electrodes are rougher and more particulate.
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Figure 5. SEM micrographs spectra of TiO; electrodes: a) Acid pH TiO,, 500°C; b) Neutral
pH TiO,, 500°C; ¢) Acid pH TiO,, 650°C; d) Neutral pH TiO,, 650°C.

The X-ray diffractograms of the three series of electrodes synthesized at acidic pH,
neutral pH and iron-doped are shown in Fig. 6. Acid sol-gel electrodes show the presence of
anatase crystals at 500°C which grow and progressively transform to rutile at 600°C and
above. For calcination temperatures of 500, 600, 650 and 700°C, the average anatase crystal

size are 10, 23, 30 and 68 nm respectively.

In contrast, for neutral pH TiO; electrodes, and contrary to the results for the powders,
no anatase crystalline phase was detected below 700°C although rutile lines were observed at
650°C. This implies that rutile crystals are not formed by transformation of an intermediate
anatase to rutile phase but are directly formed. Iron-doping did not modify this trend; at
equivalent temperatures doped and undoped electrodes show very similar diffraction patterns.

As these electrodes have been prepared by coating titanium plates, these results suggest that

13



the rutile phase could be growing directly from the oxidation of the titanium support.
Oxidation of the titanium metal would explain why the rutile signals are essentially equivalent
in the three series, whereas anatase peaks strongly depends on the pH of the coating sol-gel
solution. Moreover, in contrast with the results obtained for powder materials, the titanium
substrate seems to inhibit anatase crystallization, favouring rutile formation. For neutral
electrodes, the absence of defined anatase signals could be due to this destabilization of the
anatase phase or to the fact that crystals are too small (below few nanometres) to produce
detectable diffraction maxima, but form an optically and electrochemically active film, as will

be shown afterwards.
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Figure 6. Influence of temperature, iron-doping and pH on the X-ray diffraction pattern of
TiO, small electrodes, prepared under neutral (a and b) or acid (c) conditions.
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Figures 7a & b show the influence of the temperature, iron-doping and pH on the
photocurrent recorded in 0.1 M Na,SQO, for these small thin-film TiO, electrodes. For the
electrode fabricated by calcination at 500°C from TiO, synthesized at acid pH the current
measured in 0.1M Na,SO4 was almost independent of voltage. This behaviour has been
attributed previously to the fact that semiconductor particles are much smaller than the
depletion layer width and consequently the electric field across the particle is too small to
accelerate charge separation [13, 23]. Increasing the electrode fabrication temperature to
650°C induces crystal growth to greater than 25 nm and the photocurrent is more dependent
on voltage, as expected from the classical theory of semiconductor electrodes [38]. Although
the neutral electrode showed a slight dependence of current on potential after 500°C
calcination (perhaps because multiple calcinations had increased the crystallite size) it too
showed a more pronounced voltage-dependence after calcination at 650°C. Since iron doping
both increase the crystal size and reduces the depletion layer width, the photocurrent of the
iron doped electrodes is expected to be voltage dependent, and this indeed is the case. In all
cases higher calcination temperatures increased the photocurrent recorded at positive
potentials and the CV’s of the acid electrodes are similar to those of the neutral ones, because

of growth of the titania particles [26].
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Figure 7. Influence of temperature, iron-doping and pH on the photocurrent density of TiO,
electrodes in (a) & (b) 0.1 M Na,SO4 and (¢) & (d) 0.1 M Na,SO,4 + 1 M CH30H solutions.

The enhancement due to methanol is shown in Figs. (e) and (f).
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Figures 7c & d shows the cyclic voltammetries of these electrodes in electrolyte plus 1
M methanol. Once again, all except the acid/500°C electrode show I-V curves in agreement
with the classical semiconductor theory, The CV’s of both the pure and the iron-doped neutral
TiO, electrodes are quite similar to those in the absence of methanol. The photocurrents
recorded for the acid TiO, electrodes are much higher, especially at lower calcination
temperatures. To facilitate comparison Figures 7e & f show the photocurrent increase

resulting from methanol addition.

The influence of the electrode preparation temperature on the photocurrent at 1.0 V in
Na,SO;4 is shown in Figure 8a; a photocurrent maximum is observed at 650°C in all cases. The
corresponding photocurrents in Na,SO,4 /methanol (Figure 8b) show an enhanced response of
the acidic TiO, electrodes which decreases monotonically with increasing temperature until, it
becomes comparable with those of neutral electrodes at 650°C. As demonstrated in Figure 8c,
the photocurrent enhancement in methanol was negligible over the whole temperature range

for the neutral electrodes, and decreased monotonically to zero, for the acid electrodes.
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Na,SOy; b) 0.1 M Na,SO,4 + 1 M CH3O0H; and ¢) methanol photocurrent enhancement.



The photoelectrochemical properties of the undoped neutral electrodes are essentially
unaffected by iron doping. Previous results reported by Egerton et al. [22] showed that the
photocurrent enhancement in the presence of methanol observed for sol-gel electrodes
synthesised in acidic media disappears as the iron content in the doped titania increases.
These results are in agreement with the vanishing of the photocurrent enhancement effect in
photooxidation of 2-propanol on TiO, in solutions containing Fe(l11) ions attributed by Ohno
et al. [39] to a change to a two-hole oxidation mechanism on the Fe(lll)-adsorbed TiO,

surface.

Certain organic species in solution are well known to enhance the photocurrent of
TiO, photoanodes [40]. This effect, known as current-doubling, is attributed to the injection
of electrons into the conduction band by radical species formed upon oxidation of the
organics by holes, and can double the apparent quantum efficiencies. However, the tenfold
increase in the photocurrent recorded for acid electrodes calcined at 500°C, and the null
photocurrent enhancement for neutral electrodes, cannot be explained satisfactorily by a
conventional current-doubling mechanism. The observed increase parallels the results of
Fujishima and co-workers [41] on the effect of ethanol addition on the photocurrent of spray
pyrolysed TiO, photoelectrodes. Fujishima et al. attributed the photocurrent enhancement in
the presence of alcohol to suppression of the surface recombination processes at the TiO,
photoelectrode. They considered the most probable explanation was that alcohol adsorbs at
the TiO; surface and blocks the sites that would otherwise act as recombination. A similar
proposal was made by Schoenmakers, Vanmaekelbergh and Kelly [42] for the oxidation of
methanol on single-crystal ZnO. In a study of photoelectrochemical oxidation of methanol in
Na,SO4 solution John and co-workers [43] conclude that the limiting step was interfacial
charge transfer and that the concentration of hydroxyl ions (the precursors of hydroxyl
radicals) did not influence photocurrents at pH 9. This may be because methanol reacts more
slowly than longer chain alcohols with hydroxyl radicals (typical second order rate constants

of 4.7 and 15 x 108 M s™ [44]) — which is why methanol was selected for our experiments.

Suppression of the surface recombination processes in the in the presence of methanol
would be especially important for very small titania crystals with high values of the surface-
to-volume ratio. As the size of the crystals increases, the role of the volume recombination
becomes more significant, and the effect of the suppression of the charge recombination in the

surface would be negligible. The enhancement of the photocurrent of TiO; electrodes in the
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presence of organics has been previously reported [21,24,45] and attributed to the decrease in
the charge recombination rate caused by the scavenging of the photogenerated holes. This
effect is especially marked in rough particulate electrodes [24] and in microporous electrodes
of high titania surface area [45], but negligible for thermal electrodes [21]. Consequently, it
seems that electrodes prepared by coating with a neutral sol-gel suspension are more similar
to thermal electrodes prepared by heating titanium plates than they are to particulate

electrodes prepared for acidic sol-gel.

3.3. Large electrodes

Five large mesh electrodes were fabricated under conditions selected on the basis of

the small-electrode results and summarized in Table 3.

Table 3. Synthesis conditions and activity of the large mesh electrodes at 1V.

External circuit current (mA)

Temp. kgro 0.1M Na,SO, 0.1M Na,SO, + Methanol

Name Doping pH (°C) (h?) 1M CH,OH Enhancement
E-TiO,-1 - 15 550 0.240 5.15 9.67 452
E-TiO,-2 - 15 650 0.258 9.70 10.83 1.13
E-TiO,-3 - 6.5 550 0.408 3.95 19.76 15.81
E-TiO,-4 - 6.5 650 0.258 1251 12.78 0.27
E-FeTiO, 0.1%Fe 6.5 650 0.228 17.72 18.86 1.14

Figure 9 shows the photocatalytic activity for RO16 decolourization by these mesh
electrodes. In all cases the results were satisfactorily represented by pseudo-first order
Kinetics. The first order rate constants in Table 3 show that the neutral sol-gel electrode

calcined at 550°C had the highest photoelectrocatalytic activity for RO16 decolourisation.

21



504 ®  Acid pH TiO,, 550°C
' ® Acid pH TiO,, 650°C
Neutral pH TiO,, 550°C
4.0 v Neutral pH TiO,, 650°C
— ¢ Neutral pH 0.1% FeTiO,, 650
=
E 30-
©
i
x
— 2.0
©)
&
1.0 1
OO T T T T T T
0 20 40 60 80 100
)
&
)
[ 06] ™ AcidpHTiO, 550°C
< ® Acid pH TiO,, 650°C
-0.7 4 Neutral pH TiOz, 550°C
0.8 v Neutral pH TiO,, 650°C
%71 & Neutral pH 0.1% FeTiO,, 650°C
-09 T T T T T
0 20 40 60 80 100 1

Figure 9. Decolouration and derived first order kinetics fit of the RO16 photoelectrocatalytic

decolourisation with mesh electrodes at 1V of potential bias.

Table 3 also shows the currents measured at 1V (the value used for the photocatalytic
reactions) both in 0.1M Na,SO,4 and 0.1M Na,SO, + 1M CH30H. In the absence of methanol
the results are less influenced by the synthesis pH than by the thermal treatment temperature;
at 550 °C, when the acid electrodes may be expected to have an anatase crystal size of ~15 nm
the photocurrent is only slightly dependent on potential, at 650°C for which X-ray line
broadening suggested an anatase crystal size of 30 nm the photocurrent at 1 V has doubled for
both acid and neutral undoped electrodes, i.e. the pattern is as for the smaller electrodes. The
highest response for the undoped electrodes was for synthesis at pH 6.5 and calcination at
650°C. Iron doping caused a clear increase of the recorded photocurrent, especially at higher
potentials; again this is consistent with the decreased thickness of the double layer caused by

higher dopant level.
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Methanol addition significantly enhanced the photocurrent of undoped electrodes
calcined at 550°C, especially for the neutral electrode but did not significantly modify the
photoelectrochemical behaviour of electrodes calcined at 650°C. Again, this is consistent with
the view that the enhancement due to methanol is mainly associated with small crystals.
However, whereas for the small electrodes the greatest methanol enhancement was observed
with the acid electrodes, in this case the enhancement is much bigger with the neutral
electrodes. The TiO, crystallization procedure (and hence the electrode characteristics) has
been shown, above, to be sensitive to the interaction with the titanium support. It is probably
also sensitive to changes in heating and cooling rates brought about by changes in the thermal
mass of the electrode. Moreover, the adhesion to the support can be strongly influenced by the
type of electrode and synthesis conditions as suggested by the scanning electron microscopy
observations. Figure 10 appears to show that although a coherent film has formed on the wires
from the acid sol-gel, it has fractured into 10-50 um fragments many of which seem to be no
longer adhering to the support. The neutral electrode shows a more highly granular coating,
with most particles below 10 um. However this granular coating appears to adhere much more
strongly to the substrate. Such differences complicate the interpretation of
photoelectrocatalytic properties measured on large scale electrodes in terms of cyclic

voltammetric measurements which for practical reasons must be made on small electrodes.

Figure 10. SEM micrographs of mesh electrodes: a) Acid pH, 650°C; b) Neutral pH, 650°C.
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It is now well understood that photocatalysis by TiO, can occur either by formation of
reactive hydroxyl radicals or be direct charge transfer [6]. Although it is possible that
hydroxyl radicals may move from the oxide surface and therefore react with molecules in the
gas phase, or in solution, direct charge transfer requires adsorption of the reactant onto the
TiO, surface [46]. It is widely reported that the mechanism of degradation of complex dye
[47], pesticide and herbicide molecules [48] involves adsorption and this view is supported by
both, the widely reported increase in the rate of decolouration of anionic azo dyes such as
reactive orange on positively charged TiO, surfaces and by the decrease in rate when at low
pH values the negative charge on carboxylate molecules is suppressed [49] The necessity for
adsorption implies, but does not prove, that the degradation mechanism involves hole

transfer.

As discussed above, the increase in the photocurrent measured in the presence of
methanol can be attributed to direct hole transfer. For the large undoped electrodes, the
highest methanol enhancement was found for the 550°C neutral electrode and this electrode
was the most active for dye decolouration. In the absence of methanol the iron doped
electrode gave the highest photocurrent, whereas in the presence of methanol it gave a very
modest photocurrent enhancement and also had the lowest activity for dye decolouration.
These two observations support the view that dye decolouration proceeds by a direct hole-

transfer mechanism.

4. CONCLUSIONS

The photoelectrocatalytic activity of TiO, electrodes is strongly conditioned by the
synthesis procedure. The photocurrent of the electrodes and the activity for the
decolourization of Reactive Orange 16 solutions is highly influenced by the pH of the coating
titania sol and the temperature of the heat treatment.

In contrast, doping of TiO, with iron does not lead to major differences in the
electrochemical or catalytic behaviour. Moreover, the role of iron seems to be the promotion
of crystal growth (decrease of surface area) and the introduction of charge-carrier
recombination centres leading to slightly worse photocatalytic activities. This contrast with
previous results for bacteria disinfection [22], suggests that the effect of iron as recombination
centres or as trapping sites that improve charge separation may depend on the specific

mechanism of the photoelectrocatalytic reaction.
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The significant increase in the photocurrent recorded in the presence of methanol for
the electrodes synthesized at lower temperatures can not be explained by a conventional
current-doubling mechanism. Instead, this methanol photocurrent enhancement seems to be
based on the suppression of the charge recombination, as postulated by Fujishima and others
[41]. This effect is especially important for very small titania crystals with a high surface-to-
volume ratio, whereas for higher crystal sizes the volume recombination becomes more
significant. The results of the RO16 photoelectrocatalytic decolourisation show that a good
correlation can be found between the activity of the electrodes and the photocurrent measured
in the presence of methanol. This is consistent with dye decolouration proceeding by a direct

hole-transfer mechanism.
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