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Abstract: Electrocatalytic activity of both bare high-ordered TiO, nanotubes (TNTs) and
gold nanoparticles (Au NPs) loaded TNTs toward oxygen reduction reaction (ORR) has been
examined by cyclic voltammetry (CV). Cyclic voltammograms for Au NPs-TNT electrodes
are characterized by an additional wave observed at less negative potentials which is
responsible for oxygen electroreduction on the surface of gold NPs. The overpotential for O,
reduction on the Au surface grows with increasing the temperature of TNT annealing and the
Au NPs size. The nature of the effects observed was explained by peculiarities of the electron
transport through Schottky barrier formed at the Au NPs — TiO, interface. The width of the
Schottky barrier, determined by semiconductor doping level and Au NPs size, plays a key

role in the mechanism of electron transport through the space charge region.
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1. Introduction

Oxygen reduction reaction (ORR) significantly limits widespread applications of fuel
cells due to relatively slow kinetics of oxygen formation and decomposition on most
electrodes [1]. Platinum and its alloys are mostly used as anode and cathode catalysts in these
applications, but this metal is expensive and of limited reserve [2, 3]. Therefore, recently
extensive research efforts have been devoted to the development of non-platinum
electrocatalysts [4].Compared to the platinum-group metals, gold has attracted little attention
in electrocatalysis, mainly because of its poor catalytic performance. However, bulk gold
single crystal electrodes with (111), (110) and (100) orientation exhibit promising behavior in
ORR. Thus, Au(100) electrode in alkaline medium displays the effectiveness in ORR close to
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that of platinum [5]. In order to achieve a high specific surface area and particularly minimize
the cost, gold is typically dispersed in the form of nanoparticles (NPs) and immobilized on
solid surface [6, 7]. Although, amorphous carbon is considered to be the most used catalyst
support for noble metal nanoparticles, its corrosion under cell operation media can lead to
loss of electrocatalytical activity [8]. In searching for support materials, semiconductive
oxides arouse considerable interest because of good physical-chemical properties and high
stability in acid and alkaline solutions [9]. Besides, NPs of nobel metals supported by
semiconductive oxides may enhance their catalytic activity owing to a strong metal support
interaction (SMSI) effect, as reported for Pt/TiO, and AU/TiO; interfaces [10—13].
Nowadays, titania nanotubes (TNTs) become the object of a growing number of studies
owing to the combination of unique properties such as huge surface area, low cost, high
stability, nontoxicity and simple preparation procedure [14]. Recently, Macak et al. have
reported the efficient oxygen electroreduction in acidic medium on layers of ordered TiO;
nanotubes loaded with Au NPs [15].

The efficiency of metal-support systems in ORR can be strongly affected by both the
metal-support interaction and the size and structure of metal NPs [16]. Guerin et al.
demonstrated the specific activity of TiOx-supported gold NPs with size ranging from 1.4 to
4.5 nm for oxygen reduction and concluded that the smaller particles require a large
overpotential [17]. Tang et al. suggested a strong size effect of Au NPs, supported on carbon,
and observed that the activity in ORR increased by 2.5 times for 3-nm gold NPs in
comparison with that obtained with 7-nm NPs [18]. Also, Lee et al. investigated the activity
of 3-, 6- and 8-nm carbon-supported Au NPs for ORR in alkaline medium and reported that
the most effective were 8-nm particles [19]. More recently, Briille et al. observed clear size-
dependent ORR activity for Au NPs, deposited on HOPG and single-crystalline boron-doped

diamond, in the range from 5 to 30 nm with a narrow size distribution, with increasing the



activity in ORR with a decrease in the NPs size [20]. However, Bron reported no size effect
for Au NPs in the range between 2.7 and 42.3 nm supported on carbon black in acid solutions
[21]. Thus, the literature data concerning the size effect of Au NPs on their electrocatalytic
activity in ORR are contradictory and call for further investigation.

The main goal of the present research is to define the effect of TiO, semiconducting
properties and gold NPs size on the efficiency of both bare TNT electrodes and Au NPs-
loaded TNT ones in oxygen electroreduction reaction in an alkaline medium. We demonstrate
a key role of the Schottky barrier formation at the Au NPs-TiO; interface on electron

transport from the electrode bulk to the reactive species in solution.
2. Experimental

Titanium plates (4 cm x 1 cm; 99.7 % Ti, Alfa Aesar) were polished mechanically and
then chemically in HF:HNOj3 (1:2 by volume) mixture to mirror finish and finally rinsed with
deionized water. Self-organized highly ordered nanotubular titania layers were produced by
two-steps anodization [22]. Electrolyte was 0.75% NH4F and 2 vol. % H,O in an ethylene
glycol. The anodization procedure for both steps consisted of a potential ramp from 0 to 40 V
(sweep rate - 200 mV s%) followed by holding the potential constant for 1 h. The oxide films
formed during the first step of anodization were removed by detachment in an ultrasound
bath with deionized water. Before the second anodization, the electrochemical cell was filled
with a fresh portion of the electrolyte. After the second step of anodization, the samples were
washed with ethanol and then their surface was cleaned from debris by treatment in an
ultrasound bath with distilled water during 30 s. In order to obtain crystalline TiO, nanotubes,
all samples were annealed at different temperatures ranging from 350 °C to 550 °C for 3 h in

air.



To elucidate the effect of the Au NPs size on the catalytic activity of Au-TiO,
electrodes in ORR, the Au NPs with different sizes were synthesized by the chemical
reduction methods. Colloidal Au NPs with an average diameter of 5 nm were fabricated by
HAuCly reduction using sodium boron hydride as a reducing agent and sodium citrate as a
stabilizer. First, 2mL of 5 mM HAuCl, aqueous solution was mixed with 2 mL of 10 mM
NasCit aqueous solution and diluted to 100 mL with DI water. Next, 270 uL of 0.5 M NaBH,4
solution was added dropwise to the resultant solution under vigorous stirring, giving rise to a
red colored Au hydrosol. The synthesis was carried out at 18+2 °C.

Au NPs with a diameter of 15 and 25 nm were synthesized via a modified Frens
method [23]. First, 100 mL of chloroauric acid with a final concentration of 0.3 and 0.6 mM,
respectively, was transferred to a three-neck round bottom flask equipped with a stir bar and a
condenser and placed in a hot oil bath. When the reflux started, calculated amount of 0.17 M
sodium citrate solution was quickly poured to the flask to obtain the 10:1 molar ratio of
citrate to gold(l1) for 25-nm Au NPs and the 6:1 one for 15-nm Au NPs. Then, the reaction
was allowed to run for 20 min, with the color of solution changing from yellow to ruby.

All solutions were prepared from reagent grade chemicals and deionized water.

The synthesized Au nanoparticles were deposited onto the TiO, nanotubes from
colloidal solutions in an amount that allowed obtaining the same Au loading on the samples
(3 pg/em?). After spreading the aqueous colloidal solution over the nanotubular oxide
surface, the samples were vacuum-dried and then annealed at 200 °C for 1 h to eliminate
water and to assure more intimate contact between the NPs and the TiO; surface.

The electrocatalytic activity of the TiO, and Au-TiO; electrodes in ORR was then
examined by cyclic voltammetry (CV) using an Autolab PGSTAT 302N potentiostat in a 0.1
M KOH solution saturated with oxygen during 1 h. Electrochemical experiments were

performed in a single-compartment glass cell using a standard three-electrode configuration.



An Hg/HgO electrode filled with 1 M KOH (Radiometer Analytical) and a Pt foil were used
as the reference and counter electrodes, respectively. The potential sweep rate was 10 mV s™.
Mott-Schottky measurements were performed while the dc polarization was applied by
successive displacements of 50 or 100 mV in the cathodic direction from 0.6 V to —-0.8 V
with superimposing a sinusoidal perturbation (100 Hz with a modulation of 10 mV rms) onto
dc bias voltage. At each sampled dc potential, the electrode was preconditioned for ~1 min
before conducting the ac measurements. Before each experiment, oxygen was removed from
the solution through Ar bubbling during 1 h.

The morphology of the samples and the Au particle size were studied using a Hitachi-
4100 scanning electron microscope (SEM) and a LEO-640 transmission electron microscope
(TEM). The composition of the Au-TNT layers was characterized by energy dispersive X-ray
analyzer (EDX) fitted to the Hitachi-4100. X-ray diffraction measurements were carried out
using a PANalytical Empyrean diffractometer (Cu K, radiation). UV-Vis absorbance spectra

of the gold sols were recorded using a Shimadzu UV-2550 spectrophotometer.
3. Results and discussion

3.1 Characterization of TiO, nanotubular layers and gold nanoparticles

Figure 1 shows typical SEM images of the TiO, nanotubular layers after their
annealing. At the top of nanotubes, a relatively narrow distribution of the inner diameter
(60+5 nm) and the wall thickness (12+2 nm) can be observed (Figure 1a). The cross-sectional

view demonstrates well-aligned nanotubular arrays with a length of 10+1 um (Figure 1b).

Figure 1

Figure 2a-c shows TEM images of the representatives of 5-, 15- and 25-nm Au NPs
from the corresponding colloids. The resulting particles are nearly spherical and rather
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uniform in size (Figure 2d-f). The surface plasmon resonance peak is observed in the UV-Vis
spectra of the colloids (Figure 2g). The absorption peak slightly shifts from 514 to 525 nm
with increasing the diameter of gold nanoparticles from 5 to 25 nm in good agreement with

the literature data [24].

Figure 2

Figure 3a-c shows TEM and SEM images of the Au-loaded TiO, nanotubular layers.
Gold nanoparticles can be found inside and on the surface of the TNT layers. The NPs are
well separated and distributed inside nanotubes without aggregation. Energy dispersive X-ray
analysis was used for determining the composition and revealed the presence of Au in the

gold-modified TiO, nanotubular layers.

Figure 3

In order to evaluate the crystalline structure of the TiO, nanotubes as-prepared and
annealed at different temperatures (350, 450 and 550 °C), XRD measurements were
performed. The results obtained indicate that the as-prepared samples are amorphous and the
annealed ones are polycrystalline. All annealed samples contain an anatase phase with (101),
(103), (004), (112), (200), (105), (211) and (300) diffraction peaks at 25.3, 37.0, 37.9, 38.6,
48.1, 54.0, 55.1 and 82.3 °, respectively. The relative intensity of the (004) anatase peak is
greater than that for standard TiO, anatase samples (JCPDS card No 84—1286). Rutile phase

is present only in the TiO, sample annealed at 550 °C in a small amount.

3.2 Electrocatalytic activity of gold NPs/TiO, electrodes
The electrocatalytic activity of the Au NPs/TiO; electrodes in ORR was examined by

cyclic voltammetry. Figure 4 displays cyclic voltammograms (CVs) of the TiO, nanotubular
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electrode before (Figure 4a) and after (Figure 4b) deposition of 5-nm Au NPs. The recorded
CV curves are for nine consecutive potential cycles in the oxygen saturated electrolyte. The
voltammetric response of the bare TNT electrode shows two well defined waves at potentials
more negative than —0.65 V. For the TNT electrode loaded with Au NPs, an additional wave,
which can be related to oxygen electroreduction on the gold surface, appears at less negative
potentials. It should be noted that there is an evolution of the CV curves during the cycling.
The most pronounced difference is observed between the first and the subsequent scans,
especially for Au-TiO, electrodes. The potential of the cathodic peak related to ORR on Au
NPs shifts from —0.6 to —0.4 V during the cycling, while the position of the peaks at E < —
0.65 V is not changed appreciably. Possible reasons of this effect will be discussed below. In
order to compare CV curves for different electrodes in further consideration, we chose the
cyclic voltammograms belonging to the ninth cycle (hereafter referred to as quasi-steady-

state CVs), because after ninth cycle changing the CV curves mainly stopped.

Figure 4

Figure 5 presents quasi-steady-state cyclic voltammograms for bare TNT electrodes,
annealed at different temperatures, in Ar-saturated (Figure 5a) and O,-saturated (Figure 5b)
0.1M KOH solutions. The CVs recorded in Ar-saturated solutions are characterized by small
cathodic peaks in the potential range from —0.2 to —0.7 V with broader anodic coupled peaks.
Similar peaks were observed previously for both nanotubular TiO; layers and nanostructured
titania thin films and attributed to filling/depopulation of deep trap states located at grain
boundaries [25]. At potentials more negative than —0.8 V, a sharp rise of the cathodic current
is observed in Ar-saturated solutions, and a significant anodic current is recorded during

subsequent positive potential scan. This reversible electrochemical process can be assigned to




electron accumulation within the TiO, layer accompanied by charge compensation via proton
uptake from electrolyte [26]:

TiVO,+e + H' « Ti"'O(OH) (1)
As a result, electrochemical reductive doping of the titania electrode occurs.

In O,-saturated solutions, oxygen reduction on the bare TNT electrodes is observed as
an irreversible peak/wave at potentials more negative than —0.65 V. The limiting currents are
quite similar for the TNT layers annealed at different temperatures, but half-wave potential
for the TiO, annealed at 350 °C is shifted by 40 mV to more positive potentials; i.e., the
overpotential for O, reduction grows slightly with increasing the temperature of TNT
annealing. It is significant that the second cathodic peak at —0.9 V, which is observed for the
bare TNT electrodes heated at 350 and 450 °C, practically disappears in the case of TNT
electrode annealed at 550 °C (Figure 5b). Nature of this second peak still remains to be
clarified. Mentus [27] suggested that oxygen reduction on TiO; electrodes proceeds through
the interaction of O, molecules with Ti** ions generated at sufficiently high cathodic
potentials. Baez et al. [28] proposed the mechanism of O, electroreduction involving

electron-transfer mediation and assumed that surface-bound Ti'V/Ti"

redox couple is the
active catalytic agent. Taking into account the literature data [27, 28], the second peak may
be tentatively attributed to acceleration of the O, electroreduction owing to additional Ti®*
generation occurring at E < —0.8 V according to the equation (1). Disappearance of this peak
for the TNT electrode annealed at 550 °C can be explained by a significant decrease of the

electrochemical doping rate for this electrode in comparison with those annealed at lower

temperatures (Figure 5a).

Figure 5




Figure 6 shows quasi-steady-state CV curves recorded in O,-saturated alkaline solutions
at the TNT electrodes heated at different temperatures and loaded with 5-nm Au NPs. It is
noteworthy that the position of the wave corresponding to ORR on Au NPs shifts
significantly (by ca. 0.2V) to more negative potentials with increasing the temperature of

TiO; support annealing from 350 to 550 °C.

Figure 6

This strong difference in the overvoltage for ORR, observed for the same Au NPs
deposited on the TiO, crystalline nanotubular layers with the same nature but only annealed
at different temperatures, can be rationalized by peculiarities of the electron transport through
the Au/TiO; interface. In a point of the contact between Au nanoparticle and TiO, support,
Schottky barrier is formed locally as a result of the equilibration of Fermi level in the metal
and semiconductor (Figure 7a-c) [29—-32]. Under cathodic polarization, electrons on the path
from the TiO; bulk to Au NPs must penetrate through this barrier to participate further in the

ORR on the Au surface (Figure 7b and 7c).

Figure 7

The efficiency and manner of the charge transfer via the metal-semiconductor interface
depends mainly on the height (®,) and the width (W) of the Schottky barrier (or space
charge region - SCR) and can be realized by two major ways: thermionic emission and
electron tunneling. When the W,, is large (in the case of weakly doped semiconductors), the
probability of electron tunneling is insignificant and the predominant charge transfer
mechanism is thermionic emission (Figure 7b). According to the thermionic emission theory,
the electron flow depends strongly on the height of the potential barrier [33]. When the width

of the SCR becomes narrower, the probability of electron tunneling increases sharply [34],
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providing an additional way for electron transport through the Schottky barrier (Figure 7c).
Generally, reduction of the W, can be simply attained by increasing the density of electronic
doping in a semiconductor [35]:

)

Zsostbb)l/z
eNg !

wy = (
where €[] is the vacuum permittivity, e[1the relative permittivity, e the electron charge, Ng
the ionized donor density, and @y the height of the potential barrier.

In order to gain additional information about electronic properties of the TNT layers
annealed at different temperatures, we performed capacitance measurements. Commonly the
Mott-Schottky relation is used for characterization of the semiconductor/electrolyte interface
[36]:

kT

65 = (smpevg) (E =B = ). ©
where Cq is the differential capacitance of the space charge layer, S the surface of the
semiconductor, E the applied potential, E, the flatband potential, k the Boltzmann’s constant,
and T the absolute temperature. Although the Mott-Schottky equation (3) was derived for
single-crystal or polycrystalline compact electrodes, this analysis was also widely applied to
nanostructured electrodes [37—41]. Strictly speaking, quantative determination of the donor
concentration (Ng) for the TNT electrodes requires a complication of the Mott-Schottky
model to take into account the tubular geometry of the TNT layers and their real surface area.
However, in order to compare the doping level of the TNT layers annealed at different
temperature but having similar geometry, here we used the simple equation (3) for estimation
of apparent Ny values. In the capacitive region, the capacitance Cg can be estimated from the
equation [42]:

Im(Z") = 2nfCs) 2, 4)
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where Im(Z") is the imaginary component of the measured impedance and f the frequency of
the applied ac signal.
The Cs? vs. potential plots for the TNT electrodes annealed at different temperatures

are reported in Figure 8.

Figure 8

From the slope of the linear part (at negative potentials) of the Cs.2 vs. E plots and its
intercept with the potential axis, the doping density and the flat band potential can be
determined, respectively (Figure 8). The variation of the slope of the Cs2 vs. E curves is
observed at potentials more positive than -0.4 V, -0.45 V and -0.3 V for TNT electrodes
heated at 550°C, 450°C and 350°C, respectively. Such bend of the Mott-Schottky plots is a
common feature observed for anodic titania films, and it can result from different reasons
discussed in detail in the literature [43-53].

Table 1 summarizes the apparent Ny values and the Eg, values for the TNT films
annealed at different temperatures, which was calculated from the Mott-Schottky plots
assuming € = 57 (the average of frequently reported € values for anodic oxide films on

titanium [43, 44, 46, 54-57].

Table 1

As can be seen from Table 1, increasing the annealing temperature leads to a decrease
in the apparent Ngy values, which results in widening the space charge region in the TiO;
according to eg. (2) and in changing the mechanism of electron transport through this region.
As a result, the shift of the gold-catalized oxygen reduction wave to cathodic direction is

observed (Figure 6).

12




Along with heat treatment, the doping level in the titania films can be also governed by
cathodic polarization owing to the electrochemical reductive self-doping process (eq. (1)) [25,
58].The observed evolution of the CV curves under cycling to potentials more negative than
—0.8 V (Figure 4b) can be mainly attributed to this phenomenon. This assumption is
supported by the fact that such evolution of the CV curves is reversible. In fact, after keeping
the electrode, preliminarily subjected to cycling between 0.10 and —1.13V, for 20-30 min at a
potential of 0.6 V, the initial state (cyclic voltammogram corresponding to the first scan on
fresh Au NPs-TNT electrode) is restored.

Along with the strong influence of the TiO, annealing temperature on the ORR
overvoltage for Au NPs deposited on the TNT surface, we revealed that the ORR wave
position is size-dependent, i.e. the behavior of oxygen reduction is greatly affected by the Au
NPs size. As shown in Figure 9a, the ORR peak potential is shifted from —0.54 V to -0.40 V
when decreasing the Au NPs size from 25 to 5 nm for the Au-TNT electrodes annealed at
350 °C. The similar trend is also observed for the Au-TNT electrodes annealed at 450 °C.
However, the responses from 15-nm and 25-nm Au NPs are superimposed on the ORR wave
from TiO,, and their position cannot be determined unambiguously (Figure 9b). The observed
size-dependent effect can be explained by the interfacial metal-oxide electron transport.
According to the data reported in refs. [34, 59-63], for small diodes of nanometer-range size
the Schottky barrier can be much narrower in comparison to large diodes. Moreover, along
the edge of the Me—semiconductor contact the local electric field has been shown to be
significantly enhanced, which decreases the depletion region width as compared to that in the
center of the contact [34, 59]. For bigger NPs these edge effects are proportionally smaller.
The resultant narrowing of the barrier gives rise to an enhanced contribution of tunneling to
the electric transport through the barrier [34, 63]. Thus, the effectiveness of electron

tunneling via the barrier developed at the Au NPs—TNT interface should depend strongly on
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the Au NPs size, because the Schottky barrier is affected by this size. This effect can be
responsible for the observed lowering of the ORR overvoltage for smaller Au NPs deposited

on the TNT electrodes (Figure 9).

Figure 9

4. Conclusions

Oxygen electroreduction reaction in alkaline solutions has been studied at bare TNT
electrodes and at Au NPs loaded TNT ones with different doping levels in TiO, and various
Au NP sizes. The electroreduction of oxygen molecules on the TNT electrodes demonstrates
two distinctive irreversible peaks. The nature of the second peak at more negative potentials
is explained by acceleration of ORR owing to the formation of surface Ti**. Electrochemical
behavior of the Au NPs-TNTs in ORR differs from bare TNTs by appearance of an additional
wave at less negative potentials owing to oxygen reduction on the gold surface. The
electrocatalytic activity of Au NPs-TNTs toward O, reduction is found to be dependent on
the Au NPs size and TiO, support doping level. The overpotential of O, reduction on the
surface of Au NPs with a definite size increases with increasing the annealing temperature of
TiO, support. Moreover, when the Au NPs size reduces, provided that the annealing
temperature of the TNTSs is the same, the overpotential of ORR decreases. Such support- and
size-dependent behavior of the Au NPs loaded TNT electrodes has been explained by the
formation of Schottky barrier at the Au-TiO, interface. The height and width of the space
charge region determine the efficiency and manner of charge transfer through the metal-
semiconductor interface. Significant decrease in the density of ionized donors in the TNTs
with increasing the annealing temperature has been proved by Mott-Schottky analysis. The
narrowing of the Schottky barrier as a result of increasing the electronic doping density in
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TiO, brings a significant contribution of electron tunneling for electron transport through the
Schottky barrier. In turn, the Au NPs of varying scale show major changes in the

effectiveness of electron tunneling if the TiO, doping level is similar.
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Figure Captions

Figure 1. SEM images: a top view (a) and a cross section (b) of TiO, nanotubular layers

obtained by anodization in ethylene glycol electrolyte at 40 V for 1 h.

Figure 2. TEM images of the synthesized 5-(a), 15-(b) and 25-nm (c) gold nanoparticles and

UV-vis spectra of the corresponding Au hydrosols (d).

Figure 3. TEM (a) and SEM (b, c) images of TiO, nanotubular layers loaded with 5- (a), 15-

(b) and 25-nm (c) Au NPs.

Figure 4. CV curves of ORR in oxygen saturated 0.1 M KOH solution on nanotubular TiO;
layers, annealed at 350 °C, before (a) and after loading 5-nm Au NPs (b). Arrows indicate the

direction of changing the CVs for nine consecutive cycles.

Figure 5. CV curves in Ar(a) and Oy(b) saturated 0.1 M KOH solutions on nanotubular TiO;

layers annealed at different temperatures.

Figure 6. CV curves of ORR in 0.1 M KOH solution on nanotubular TiO, layers heated at

different temperatures and then loaded by Au nanoparticles with a diameter of 5 nm.

Figure 7. Energy band diagrams for TiO, and Au NPs before contact (a) and after forming of
contact (b, ¢). In case of weakly doped semiconductor characterizing broad SCL, the
predominant charge transfer mechanism is thermionic emission (b). At the same time, for
highly doped electrode the contribution of electron tunneling increases due to narrowing of

the SCR width (c).

Figure 8. Mott-Schottky plots obtained for the TNT electrodes annealed at different

temperatures.
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Figure 9. CV curves of ORR in oxygen saturated 0.1 M KOH solution on nanotubular TiO;

layers annealed at 350 °C(a) and 450 °C(b) and loaded by Au nanoparticles of different sizes.
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Figure 3.

28



] @
-100 A ~
£
o
200 i
-300
N vl
~400+ T \\JT 1-9 cycles
42 10 08 06 -04 0.2 0.0
Potential, V (vs. Hg/HgO/1MKOH)
Figure 4.

29

Jo®
TiO,-Au NPs (5nm)

-100

-200

-300

7
-400 S ‘r 1-9 cycles
T T T T T T
-1,2 -1,0 -0,8 -0,6 -0.4 -0,2 0,0
Potential, V (vs. Hg/HgO/1MKOH)



(a)

08 06 04 02
Potential, V (Hg/HgO/1MKOH)

0,2

350 °C o -
350°C
——450°C
-100 4 — 550°C
200 4
-300
T T T T T T T T v T ¥ T 1
0,0 -1,2 -1,0 -0,8 -0,6 -0,4 -0,2 0,0
Potential, V (Hg/HgO)/1 MKOH)
Figure 5.

30



04 TiO,-Au (5 nm)
-100 + 350 °C
——450°C
5200 — B0
300
-400 -
-500 Y T )

42 40 08 06 -04 -02 0.0 0.2
Potential, V (vs. Hg/HgO/1MKOH)

Figure 6.

31



Eg ==eeeeeceecneccccnne..
Ecb
S N E,
E. Au
- TiO,
Egemeenne= eeeeceecccaccenaca- Highly doped
Ecb =
Ef _ - ____ E f
Au
Evb
- Weakly doped
TiO, y TiO,
Figure 7.

32



(F?cm*)

2
sC

C

2,5)(1011 i

2,()x']011 i

1,5x10""

1,0x10"" 1

5,0x1 0" -

= 350 OC ’_‘-"ll‘. . . .///
e ] = ¢ )
o / '//
e 550°C . . |
. ///
[ ]
/e
.";. )
y
’//,/
“.‘. /
4 / ) A A A A A A
7 A A
A A
hd /,A’/‘ I
A 5 = = = = = =

A

0,0

-0,6 -0|,4 -0|,2 0:0 I 0:2 I 0,4 0,6
Potential, V (vs. Hg/HgO/1MKOH)

Figure 8.

33



-400

—TiO

s THO),

2
2
2
2

TiO,-Au (5 nm)
-Au (15 nm)
——TiO_-Au (25 nm)

(b)

—TiO,

TiO,-Au (5 nm)
—— TiO,-Au (15 nm)
—— TiO,-Au (25 nm)

-1,2

—1',0 -Ol,8 —0'.6 -01,4 -(; 2
Potential, V (vs. Hg/HgO/1MKOH)

0,0

Figure 9.

34

T T T T
-0,8 -0,6 -0.4 -0,2 0,0 0,2

Potential, V (vs. Hg/HgO/1MKOH)



Table 1. Semiconducting properties of the TNT electrodes annealed at different temperatures

Annealing Apparent donor Flat band potential (V)
temperature (°C) concentration (cm™)
350 8.18x10™ —0.61
450 1.10x10" -0.55
550 3.44x10*° —0.65
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