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Abstract

This paper deals with the photo-electrochemical characterization of nanocrystallinflfi©deposited on titanium substrates in 0.1 M
NaCl solutions. These films were confirmed to contain mainly anatase crystallites by X-ray diffraction (XRD) and have n-type properties
by UV-photoelectron spectroscopy (UPS). Experiments were also performed on thermal and electrochemiati#ggFormed in air or
the same electrolyte, respectively, to delineate the role in the electrochemical behavior of the nanocrystalline films and differentiate their
properties from the titanium substrate and its spontaneously formed oxide. Systematic enhancement of the photocurrent was observed for
nanocrystalline Ti@ films compared with the thermal oxide. This effect arises principally from the area factor but, as it was observed by
UPS, capacitance and cyclic voltammetry measurements, it was not the only factor affecting the photocurrent response. It was found that
the shape of the photocurrent vs. wavelength curves depend on the electrode potential when the electrode is irradiated at energies above
the optical bandgap of the films (3.2 eV for anatase single crystal), whereas at energies below the bandgap, it remains almost potential
independent. The capacitance measurements of the nanocrystalline; el€grodes in the dark and under illumination conditions did
not show substantial changes under our experimental conditions. This fact is indicating the pinning of semiconductor bands still during
illumination. The origin of this effect was related with a high rate of surface trap filling. The absorption coefficient for nanocrystalline
oxide films was calculated frorf, vs.V plots and a value of k 107 cm~! was obtained. The flat band potentislkg) calculated from
photocurrent plots was not in good correlation with the Nernstian behavior obtained from impedance measurements (Mott—Schottky plots).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction chemical behavior of electrodeposited nanocrystalline films
depends strongly on the experimental and chemical environ-
Previous studies [1] about the electrochemical behavior mental conditions that are present in the synthesis procedure
of the nanocrystalline Ti@films and their interaction with  [3,4]. Therefore, the practical importance of the oxide thin
macromolecules of biological interest have suggested anfilm photo-characterization lies not only in the knowledge
important role of the surface and bulk characteristics of the of the electrical and optical properties of its surface, but also
electrodeposited Tigxthin films in determining the response  of the bulk of the materials. Gratzel and co-workers [2] have
of the semiconductor film/electrolyte interface. The behavior interpreted the change of capacity during bandgap excita-
of nanocrystalline films is often different from that of com- tion of the TiQ, film in terms of trapping of photogenerated
pact semiconductor electrodes. Gratzel and co-workers [2]holes in surface states that lead to unpinning of the energy
have interpreted the photoeffects observed with these elecbands. Our previous studies [1] show that the dependence
trodes in terms of an array of weakly coupled colloidal par- of the capacity, under dark conditions, on the potential and
ticles. This means that no space charge layer can be formedH can be associated with the generation of surface states
in the porous films due to the small size of the Tigarticles on TiO; due to protein—substrate interactions. The study
and the almost inexistent Ti(Ill) species, both facts confer- of these films under illumination should provide further in-
ring their insulating character. However, the photoelectro- formation for adsorption processes at a given substrate [1]
and for photodegradation processes [5]. These films have
* Corresponding author. Fax:54-351-4334188. proved to be useful for these before mainly because they
E-mail addressiuciaavalle@yahoo.com (L.B. Avalle). have a high surface area in contact with the electrolyte.
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This paper reports on the characterization of nanocrys- was dried in air at room temperature. This process was
talline TiO, film electrodeposited on titanium substrates performed several times (up to 10 times) in order to obtain
using UV-phototelectron spectroscopy (UPS), X-ray difrac- films of different thickness. Finally, the electrode with the
tion analysis (XRD), cyclic voltammetry, capacitance and hydrous-oxide film was thermally treated at temperature
photoelectrochemical measurements. These experiment@around 400C in air atmosphere. This procedure allows to
provided information on the electronic properties of the obtain a film thickness of about Oudn for 10 deposition
TiO2 films in the dark and during illumination. The photo- stages. The SEM studies showed the film to be porous and
current dependence on electrode potential and solutionthe roughness factor was determined to be 450 [1].
pH was also investigated. Supra-bandgap and sub-bandgap Besides the nanocrystalline TiGilms, the electrochem-
photocurrent generation were determined and a physicalical and photoelectrochemical experimental methodologies
model is proposed taking into account the photocurrent were also performed on Tilelectrodes prepared thermally
dependence on light energy and electrode potential. Theand electrochemically. The same titanium disc substrate
results of numerical simulations in order to fit the exper- was employed for the three types of oxide films in order
imental photocurrent vs. photon energy and/or potential to obtain real comparative results. The electrochemical ox-
curves are presented according to different models. ide film was obtained by cycling the titanium electrode in

0.1 M NaCl solution in the potential range betweed.0
and 1.5V vs. Ag/AgCl at 100mVg, up to a stabilized

2. Experimental i—V profile. The thermal oxide film was prepared by heating
the titanium substrate at 40Q in air for 1 h. In both cases,
2.1. Materials the substrate was previously treated in the same way as for

the nanocrystalline film.

2.1.1. Chemicals

The measurements were performed in 0.1M NaCl 2.2. Methods
aqueous solutions. The pH of the solution was adjusted ei-
ther with concentrated HCI or NaOH solutions before each 2.2.1. UPS and XRD measurements
experiment and checked with an Orion 960 autochemistry UPS measurements were performed only on nanocrys-
system with a glass electrode (Orion BN 9104). Despite the talline TiO, films at the Campinas Sincrotron, SP, Brazil
fact that this solution is not a buffer, no significant variations in the toroidal grating monochromator (TGM) beam line.
in the solution pH were observed during the experiment. The pressure in the sample chamber was in the’ ifbar
The pH of the solution was varied between 3.0 and 10.0. range. In order to obtain information about the composition
All the solutions were prepared with purified water from at different film depths, TiQ samples were argon sput-
Milli-Q, Millipore system. All chemicals were of analytical ter etched (2KeV, 2Q.A) in the preparation chamber for
grade, purchased from Merck, and used without further different periods of time.
purification. XRD spectra were obtained between 20 and®dé&grees

using a Rigaku (Miniflex) equipment.

2.1.2. Cells and electrodes

A three-electrode cell system was used for all the elec- 2.2.2. Cyclic voltammetry measurements
trochemical experiments carried out at room temperature. \Voltammetric curves were obtained with the three
Before the measurements, the electrolytes were purgeddifferent oxide film electrodes after stabilization by cycling
with N2 for at least 30 min to remove dissolved oxygen. between—1.0 and 1.5V vs. Ag/AgCI (five cycles) using
The counter electrode was a platinum foil electrode with different potential sweep rates (20 and 100 m¥)sand
large area and the reference electrode was a KCI saturatedolution pH values (3.0-10.0 range). The electrochemi-
Ag/AgCI electrode to which all potentials in the text will cal instrumentation was a ZANHER IM5D analyzer with
be referred. a potentiostat—wave generator module. In all cases, the

A titanium disc from John Matthey Electronics (99.7% potential scan direction started from the electrode rest po-
purity) was employed as substrate for the preparation tential at open circuit (ca-0.185 V) towards more negative
of the different Ti/TiQ working electrodes with only  potentials. The pH of the electrolyte solution was measured
one face exposed to solution (1€rarea). This substrate before and after each experiment without any changes.
was mechanically polished with different abrasive papers
and finally with 1um alumina, then chemically etched by 2.2.3. Electrochemical impedance
immersion in a HF:HN@:H20 (1:4:5 in volume) solution Electrochemical impedance experiments were performed
for 10s. Thin TiQ nanocrystalline films were prepared as on the three different oxide film electrodes. In all cases, the
described previously [6] on the substrates by cathodic elec- stabilization of the electrode open circuit potential (OCP)
trodeposition in TiGT—HNOs solution. The electrodeposi- was previously recorded until a minimal variation (el
tion process was carried out potentiostatically-at2 V for mV) was observed. Then the electrode was polarized to a
5min. After that the obtained Ti(IV) hydrous-oxide coating selected potential as long as it was necessary to reach an
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almost constant current value (changes byde@.1wA) for a cell with about 30 ml of solution equipped with a plane

approximately 1 h. The impedance measurements were perquartz window.

formed by applying a small amplitude sinusoidal potential

perturbation (10 mV) superimposed on the d.c. potential us- 2.2.4.1. Potentiodynamic photoelectrochemical measure-

ing @ ZANHER IM5D analyzer. The impedance measure- ments performed at constant wavelength in a potential

ments on the different types of electrodes were performedrange from —0.2 to 1 V. Photocurrent—potential curves

at f = 80Hz because this value is placed in the constant were recorded at 20 mV/s from0.2 to 1V in 0.1 M NaCl

capacity—frequency range and the experimental noise fromsolutions. During the potential sweep, the electrode was

the electric source is minimal, as was shown previously [1]. illuminated with monochromatic or white light. The light
The impedance response of metallic substrate/oxide film/ was chopped at 15Hz and the output from the potentiostat

electrolyte systems can be associated with an equivalentwas directly recorded without amplification. The measured

electric circuit containing a capacity elemei in parallel photocurrent values were almost independent of the poten-

with a resistance elememi,x and in series with another tial scan direction.

resistance elemems. Here,Ct represents the total capac-

ity of the electrodeRox the oxide film resistance of the 2.2.4.2. Photoelectrochemical measurements performed

electrode, andRs the solution resistance. The total electro- gt constant potential in a wavelength range from 250 to

chemical impedance as a function of the angular frequency 420 nm (supra-bandgap region) Photoelectrochemical

o for this Rs(RoxCr) circuit is given by experiments were performed on the three types ob 0
) ide film electrodes with different constant potential applied
Ziwy=Rs+ Rox —j Rox"Cro between 0 and 2.0 V in order to select the working conditions
1+ Rox®C12w? "1+ Rox’Cr2w? where the photocurrent becomes potential independent. At
= Zreal + ] Zimag (1) each selected potential, the electrode was irradiated in the

250-420nm range through a wavelength scanning with
wherew is equal to Zf, andf the frequency of the sinu- 1 nm spectral resolution. This energy range corresponds to
soidal potential wave. The terfeq andZimag are the real hjgher values than the energy gap between the valence and
and imaginary components of the impedance, respectively.conduction bands for the Tikbxide and will be called here-
For high enough values ab, Rox’Ct?»® > 1 and then inafter the supra-bandgap region. The electrode illumination
Zimag ~ 1/(CTw), so that changes in the imaginary part of and the wavelength scanning were started after a constant
the impedance reflect the changes in the total capacity ofgark current value was achieved. The time constant for sig-
the systenCr at a given frequency. nal integration (about 0.1 s) was selected at the wavelength
Total capacity measurement€r() were performed be-  of maximal photocurrent. The light was chopped at 80 Hz,
tween—0.8 and 1.5V with a delay time of 10s between and a signal from a photodiode was used as reference and
successive applied potentiala ¢ = 0.05V) at different  sent to the lock-in amplifier reference channel. The output

solution pH. from the potentiostat was connected to the lock-in signal
. channel so that the in-phase photocurrent could be detected.
2.2.4. Photoelectrochemical measurements From these measurements a potential was chosen where the

The photoelectrochemical experiments were performed photocurrent curves reach almost similar values.
using an EG&G PAR Potentiostat/Galvanostat Model 263

connected to a computer through an IEEE 488 interface  » 4 3. photoelectrochemical measurements performed at
and two different illumination setups were employed: white  ¢onstant potential in a wavelength range from 400 to 700 nm
or monochromatic light. A 150W xenon lamp (Ushio) (syp-handgap region). The procedure was the same as in
equipped with a water filter set was employed as excitation {he section 2.2.4.2, but the wavelengths range between 400
source. The photocurrent vs. excitation wavelength response;nq 700 nm and corresponds to values lower than the TiO

was obtained using a monochromator SID 101 with a step- handgap. Due to the too low photocurrents recorded, the time
per motor assembly and an UD-5011 interface card and constant for signal integration was about 10 times higher
software, from Photon Technology International (PTI). The than in the supra-bandgap region.

absolute intensity of the light coming from the monochro-

mator was measured with a radiometer—photometer from

Motorola. The intensity of the anodic photocurrent from the 3. Results and discussion

working electrode was detected by means of a two-phase

lock-in amplifier EG&G PAR Model 5210 as a function 3.1. Structural characteristics of Tiglfilms

of incident wavelength and applied electrode potential. The on the titanium substrate

photocurrent spectra from the electrode were obtained us-

ing chopped light (15 or 80 Hz) and the chopper signal was  The titanium oxidation state into the nanocrystalline oxide

fed to the reference channel of the lock-in analyzer. All film was obtained by means of UPS analysis. UPS spectra
the photoelectrochemical experiments were carried out in were taken at regular periods of sputtering time between
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Fig. 1. (a) UPS spectra in arbitrary units at two different sputtering times (0 and 20 min) with argon ions (2 &V}, 4be O 2s peak at 23 eV binding
energy was taken as the reference signal. Inset: deconvoluted aread*f@mi T species as a function of sputtering time. (b) Experimental XRD of
the nanocrystalline Ti@film sinterized at 400C. A represents the anatase phase, and R the rutile phase. Ti indicates signals coming from the metallic

substrate.

0 and 2h. Fig. 1a shows the UPS spectra at two different oxidation state, probably Ti(lll). This contribution becomes
sputtering times at the binding ener§y range where the  more significant for higher sputtering times (deeper oxide
signals corresponding to valence band energy, O 2s and Tilayers) as can be seen from the inset of the figure. These
3p, are expected to appear. The shape of the intensity profileexperimental facts may not be highly conclusive because a
related to the valence band-2-10eV) changes with the preferential sputtering of oxygen could produce the reduc-
sputtering time. The peak appearing in the 30—40eV rangetion of a small fraction of Ti@. However, the changes ob-
reveals the presence of titanium atoms. The maximum in served on the calculated area for Ti(IV) and Ti(lll) species
the spectra obtained without sputtering observed at 38.1 eVfor different deconvoluted spectra demonstrates that the
coincides with the binding energy value corresponding to Ti(lll) species are not generated from Ti(IV). The presence
the presence of the Ti(IV) oxidation state in the oxide film. of H>O could be detected for all spectra obtained with and
After several minutes of sputtering, a shoulder appears atwithout sputtering. This bound water layer demonstrates
smaller values oEp. From a deconvolution procedure of the porous nature of the film that allows water molecules
this peak, it is possible to obtain a second component at anto reach the substrate. It is important to note here that the
energy value of 36.0 eV, indicating the presence of a lower TiO,> nanocrystalline film was deposited onto a titanium
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substrate, which presents a spontaneously formed thin oxideelectrochemically formed oxides is also included for com-
layer with n-type semiconductor characteristics. The n-type parison. The highly exposed surface area of nanocrystalline
semiconductor behavior of the nanocrystalline oxide film is TiO2 film produces higher current values in the poten-
determined by the presence of Ti(lll) species. This exper- tial range between-0.5 and—1.0V than the thermal and
imental fact is opposite to the behavior observed by other electrochemical oxides. The current of the nanocrystalline
authors in colloidal films [2]. This difference in semicon- electrode is approximately 30 times higher than that cor-
ducting behavior can be attributed to the different precursorsresponding to the other two electrodes. However, this en-
used in the electrode preparation by these authors. hancement is not directly correlated to the roughness factor
The XRD spectrum for a nanocrystalline BHGilm is of 450 obtained from SEM. It indicates that the whole area
shownin Fig. 1b. The presence of an intense peak at 24.74 2 of the nanocrystalline oxide film is not electrochemically
degree indicates a predominant anatase crystalline structureactive. The very small current profile observed at anodic
However, a small signal corresponding to the rutile phase potentials than-0.25V is characteristic of a passive film
(26.76 @ degree) is also observed. The metallic titanium on the substrate, which is a common feature of these three
lattice from the substrate produces several intense signals asypes of electrodes. The effect offHtoncentration on the

indicated in the figure. voltammetric curves for nanocrystalline Ti/Ti@lectrodes
(pH 3.5 and 9.0) can be observed in Fig. 3. The voltammo-
3.2. Photoelectrochemical characteristics grams obtained at pH 3.5 show a charge transfer process
of TiO, films on the titanium substrate with a cathodic peak at-0.66V and a complementary
anodic peak at-0.53V, these processes are not observed
3.2.1. Electrochemical characteristics at higher pH. According to previous results [7], the peak

Fig. 2 shows voltammetric curves obtained in the dark appearing during the negative potential sweep corresponds
for nanocrystalline Ti/TiQ electrodes in 0.1M NaCl to the reduction of Ti(IV) (hydr)oxide species at the surface
pH 4.7. The electrochemical behavior of thermally and in contact with the electrolyte and is related to the oxidation
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Fig. 2. Voltammetric curves obtained in the dark for nanocrystalline (solid line), thermal (dashed line) and electrochemical (dotted; limeg&i@m

electrodes in 0.1M NaCl, pH 4.7, at 100 mVlspotential sweep rate. The current density was calculated using the electrode geometric area. Inset:
voltammetric curves for a thermal (dashed line) and electrochemical oxide (dotted line) electrode in the same potential range with a more sensitive
current scale.



180 F.Y. Oliva et al./Journal of Photochemistry and Photobiology A: Chemistry 146 (2002) 175-188

6.0x10°

4.0x10° 1

2.0x10°

e

0.0 5

Current / A cm?

-2.0x10°

-4.0x10° 4

-6.0x10°

-8.0x10°

T T

I ' T

42 10 08 06 04 02 0.0
Potential / V vs Ag/AgCl

Fig. 3. Voltammetric curves obtained in the dark for a nanocrystalline Ty B{@ctrode in 0.1 M NaCl at different pH values: 3.5 (solid line), and 9.0
(dotted line) at 10mV's! potential sweep rate.

process of Ti(lll) (hydr)oxide species obtained during compare its behavior with that where the film is obtained by
the positive potential scan. This redox process could be heating the titanium plate for the same time and under the

expressed through the following chemical equation: same conditions as the electrodeposited sintered nanocrys-
talline film electrode. From the Mott—Schottky plots, donor
>Ti(OH)2 + H;(;q) < [>Ti(OH)(H0)]* concentrationNp) and flat band potentiaMgg) were cal-
+e < >Ti(OH) + Hy0 @) culated and the values are shown in Table 1. It can be seen

that theNp values obtained for the three electrodes have
The strong dependence of the/ profiles with the solution ~ the same order of magnitude. TNeg are similar for the

coming from solution which participate in Eq. (2). trochemical oxide presents a more negative value. The sim-
From H+ adsorption_desorption studies on '£|CD||O|da| |Iar|ty in VFB could be due to the fact that both electrodes

suspensions [8], the relationship betweeh ¢bncentration were heat-treated during their final preparation stage, reach-
in solution and the surface charge developed due to theing the same hydration degree at the surface oxide film. The
H* ions adsorption at the colloidal particle is well known. interpretation of capacitance response carried out by Gratzel
The fact that the nanocrystalline TiGilms present a high ~ and co-workers [2] about colloidal TiOparticles spread
H* adsorption (indicated by the high current values of the 0N @ titanium sheet establishes that the capacitance of the
observed cathodic—anodic couple at acidic pH values) haswhole film under reverse bias is determined by the compact
allowed the study of the adsorption—desorption process of layer alone where a depletion layer is formed. Nevertheless,
other more complex species and its competitive behavior asin our case, it was found that the capacitance response is
a function of solution pH [1,9].

Fig. 4 shows capacity vs. potential curves under dark ., ;
conditions for the three Ti@oxides in 0.1M NaCl at pH v, values obtained from capacitance measurements at g
4.7. The corresponding Mott—Schottky plots [10] are shown
in the inset. A passive oxide layer is always present at the
surface of the titanium substrate, and it grows further under Thermal oxide —0.12 836 x 10'°
heat treatment. Because the Fifim electrodeposited on ~ Electrochemical oxide —0.76 310 1$Z
the titanium plate is sintered at 400, it is important to Nanocrystalline oxide —014 160> 1

Type of film Vs (V) Np (cm~3)
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Fig. 4. Capacity—potential curves obtained at 80 Hz in 0.1 M NaCl, pH 4.7, in the dark, on a nanocrystalline (solid line), thermal (dashed-dotted line)
and electrochemical (dotted line) TiGlectrodes. Inset: @-V diagram (Mott—Schottky plot) for nanocrystalline (solid triangle), thermal (solid square)
and electrochemical Ti©(solid circle) electrodes.

mainly determined by the electrodeposited film. This may The dependence of the photocurrent spectra with the
be due to the presence of Ti(lll) species in these films as incident light energy was analyzed taking into account two

it was determined by UPS analysis (Fig. 1a). Therefore, physical models for light absorption: crystalline [10] or
and according to Fig. 4, it can be expected that the capac-amorphous [11] semiconductors. The reason is that it is
itance response reflects the impedance of the large area ohot possible to explain adequately the photoresponse in the
the n-type semiconductor film. The observed capacitancewhole wavelength range of these films within the theoretical
increases markedly by electrodepositing the nanocrystallineframework of only one model.

film on the titanium plate. Hence, the measured total capac- As it was determined above, the nanocrystalline films
ity is dominated by the electrodeposited film in agreement present anatase phase, and so well-developed periodicity can
with expectations. This result is opposite to that of Gratzel be expected normal to the surface. The application of band
and co-workers [2] mainly because of the nature of the de- structure models based on crystalline semiconductors seems
posited film. In their case, the Ti(particulate film behaves to be appropriate also for amorphous films where a short

nearly as an intrinsic semiconductor. range order exists. In the case of crystalline materials, the
density of states at the border of the band decrease abruptly

3.2.2. Different physical models to analyze the to zero, while amorphous semiconductors usually present an

photocurrent-wavelength and potential dependence extensive tailing of electronic states into the bandgap. In this

We will give a brief theoretical introduction of photo- case, the energy value at which the photocurrent begins to
current dependence on wavelength and electrode potentiabe evident is called the mobility ga([ESpt) and is no longer
according to well-established physical models, and then aa material constant but is dependent on oxide preparation
guantitative interpretation of the experimentally observed methodologies.
wavelength and potential behavior for the different elec- The Gartner—Butler equation [12,13] relates the photo-
trodes will be carried out. currentipn with the absorption coefficient through the
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following equation coefficients and not too high band bending as mentioned
CaW before, the photocurrent can be expressed by
w=es(1- 1) @ :
iph=eb|(1l—- —— 2eenl
1+aLy i = ( — “) (V = V) (6)

whereW is the thickness of the space charge layer in the
semiconductor anty, the minority carriers diffusion length.
Taking into account that the quantum efficiency is given by
@ = ipp/ed, wherep is the photon flux ane the electron
charge, a direct proportional relationship between the quan-
tum efficiency® and the absorption coefficient in the

whole spectral range can be obtained. To obtain this rela-""" i . :
tionship,eW < 1andxL, < 1 should be fulfilled, so that which was previously developed for electrolytic solutions

the exponential in the Gartner—Butler equation can be ex- 2nd then applied to amorphous materials by Pai and Enck
panded in series. In this case, the photocurrent generation ig21]: These authors [19] derived a mathematical expression
directly proportional to the fraction of light absorbed in the OF the photogeneration efficiency of electron-hole pairs in
space charge regiol. Then, the behavior of light absorp- solids, tak!ng mtq account the photocyrrent dependence on
tion by a crystalline semiconductor close to the absorption the potential at different photon energies.

edge can be described with thg being proportional tax
through the relationship:

Other models include the effect of surface states or recom-
bination processes which can influence the potential
dependence of the photocurrent. Di Quarto et al. [19]
have interpreted the curves of photocurrent as a function
of applied potential for an anodic titanium oxide taking

into account the recombination in the Onsager theory [20]

3.2.3. Experimental dependence of the photocurrent

with wavelength

A (hv — Eg)" @) Fig. 5a shows the raw photocurrent vs. wavelength spec-
hv tra (without any correction for the photon emission of the

light source) for nanocrystalline TiOelectrodes at differ-

ent applied anodic potentials in 0.1 M NaCl at pH 4.7 in

on the optical transition type arf, the bandgap energy. the complete wavelength range (supra- and sub-bandgap
The restrictions applied to the Gartner—Butler equation "€9ion). The dependence of the maximum in supra-bandgap

are verified under all experimental conditions since the light Photocurrent on the applied potential is shown in the inset.
absorption coefficient for TiO; lies typically in the range It can be observed that a saturation in the maximum of

1 x 10°P—1 x 10* cm~1 for photon energies in the 3.0-3.6 eV photocurrent is achieved_ at more anodic potentials greater
range, i.e. near the energy of bandgap [14] aMdypi- than_1.5 V. Th_u;, a polarization of 1.5V was selected as a
cally lies in the 10-100 nm range for a crystalline n-type WOrking condition in order to compare the photoresponse
semiconductor with a donor concentration e102° cm—3 in the supra—ba'ndg'ap reglon.of the three types of oxide film
with a potential drop in the space charge layer of around electrodes, which is shown in Fig. 5b. It can be_ seen t_hat
1V. the photocurrents generated by the nanocrystalline T¥TiO

In the case of amorphous semiconductors, an empirically electrode is greater than the photocurrent generated by the

observed phenomenon for energies near the band edge i€lectrochemical and thermal ones, and that the absorption

the so-called Urbach tail [15], described by the following SEtS in at~400 nm for the nanocrystalline and thermal ox-
ides whereas the electrochemical oxide sets iv365 nm.

wheren = 0.5 for direct optical transitions and = 2 for
indirect optical transitionsA is a constant which depends

equation
a . From thesepn vs. A curves at the absorption edge for the
B b(hv — Egp ) 5 three oxide film an analysis using Eq. (4) has been made in
o =aexp KT ) order to obtain théeyg corresponding to direct and indirect

transitions. The values &y were estimated from extrapola-

in which a and b are adjustable parameters. Several ap- tion of the linear zone ofr(viph)l/" vs.hv plots for the three
proximations for theip, vs. wavelength relationship were electrodes at different pH values considering both types of
considered by different authors [16—18] and estimations of transitions, i.e., directl/n = 2) and indirect(1/n = 0.5).
the optical bandgaps were made. It was determined that Fig. 6 shows as an example the representations of the data
one of the most important causes concerning the magnitudeat pH 4.7, and Table 2 the obtainEglvalues for all the cases.
obtained forEy values was the oxide crystal structure and Both representations present an energy region of linear be-
morphology. According to Egs. (4) and (5), plots for var- havior. These results prove tHa{ is slightly pH dependent
ious power laws should reveal information about how far and, as expected, it is dependent on the preparative condi-
from the expected ideal is the experimentally determined tions of the oxide. The obtaindg}, values for nanocrystalline
behavior of the system under study. Ti/TiO, electrode considering an indirect transition (process

The potential dependence of the photocurrent has alsothat is mainly found in poly- and mono-crystalline B0
different behavior, whether it comes from crystalline or are lower than those reported in the literature3(2 eV)
amorphous semiconductors. For crystalline semiconductors,[16]. This effect could be explained taking into account that
under certain limitations, such as not too high absorption certain amorphous characteristics in the oxide film remain
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Fig. 5. (a) Raw photocurrent spectrum (without any correction for the photon emission of the light source) for a nanocrystallimdd&@lectrode

in 0.1 M NaCl, pH 4.7; at different applied potentials in the whole wavelength range. Inset: photocurrent maximum values as a function of the applied
potential. (b) Raw photocurrent spectrum (without any correction for the photon emission of the light source) for nanocrystalline (solidriira), the
(dashed line) and electrochemical (dotted line) J&dectrodes in the same solution and pH as before at 1.5V in the supra-bandgap region. The chopped
light frequency was 80 Hz.

after the low temperature treatment (4@) in the synthesis  zone which do not account for the bandgap energy. They
of the nanocrystalline film. Thig values obtained consid-  found a dependence of the photocurrémtplots with the
ering a direct transition would also be low compared with film thickness and suggested that spectral characteristics
the values reported by other authors [22] (where 3.7 eV was observed in the near absorption edge are not associated with
obtained by an electron reflection technique). According to oxygen vacancies. Similarly, we found that the photocurrent
Halley et al. [17] and on the basis of their theoretical calcu- curves depend on film thickness and applied potential for
lations performed for oxides anodically grown on titanium nanocrystalline electrodes which is analyzed in Fig. 7.
metal, there are several possible transitions between the va- Fig. 7 shows the raw photocurrent vs. wavelength spec-
lence and conduction bands at special points of the Brillouin tra for nanocrystalline Ti/TiQ electrodes prepared with
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Table 2 different electrodeposition steps in 0.1 M NaCl at pH 4.7 in

Eg values derived from the interpolation of photocharacteristics vs. energy the: (a) 250-400 (b) 400-700 nm ranges, at a constant app-
(Fig. 6) for different electrodes using Eq. (4) for interband transitions  lied electrode potential of 1.5V. The spectrum correspond-

Type of film UYn=2 1/n=05 ing to one deposited layer in the sub-bandgap region is not
(direct transition) (indirect transition) shown due to the low photocurrent values compared to the
bH 4.7 pH 33 bH 47 pH 33 other layers. It is noticeable that there is an increase in the

_ photocurrent with the number of electrodeposited layers.
Thermal oxide 326 3.19 303 292 The nanocrystalline film prepared with 10 deposit layers
Electrochemical oxide 3.1 3.29 313 310 resents a shift in the light absorption towards shorter
Nanocrystalline oxide  3.19 3.09 2.97 2.83 P _I : 9 pt . W
wavelengths in the supra-bandgap region; whereas the
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Energy / eV T%Et'e 3 . . . .
4.96 425 372 331 208 271 Eg~ andn values deduced from a fit of the optical absorption edge using
| i oy n 4 i Eq. (5) for amorphous semiconductors
7.50x10° :
< (@ Number of electro- Eg™ (eV) n
§ 6.00x10° deposited layers
5 ] 1 3.60 1.25
g o 2 3.12 1.27
E 5 ooq0c 3 3.15 1.30
‘ 4 3.00 1.50
1 5010° 10 3.01 1.98
0.00
. T r , electrodes tend to 2 as the number of deposited layers in-
240 280 320 360 400 440 S :
A/ nm creases while it is observed that the optical bandgap for
nanocrystalline oxide reaches almost 3.0eV, as expected
Energy / eV for indirect transitions (values are shown in Table 2). The
soqpea 234 248 220 198 1.80 1.65 values may indicate that the behavior of these films is not
< b exclusively due to a pure Urbach tail [15], but is more com-
= ( plex and cannot be approximated using Eq. (5). The overall
g 2 0010° decrease ofESpt for different deposited layers could be
g interpreted following the arguments developed by Mott and
Q
5
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Fig. 7. Raw photocurrent spectrum (without any correction for the photon % 044 ®
emission of the light source) for nanocrystalline 7iOxide electrodes g
with different number of deposited layers (values included in the figure):
(a) supra-bandgap region, and (b) sub-bandgap region. All the spectra g
were performed in 0.1 M NacCl, pH 4.7, at 1.5V and the chopped light 00+
frequency was 80 Hz.
20 ) 2?4 ) 2?8 ) 32
hv/eV
photocurrent between 600 and 700 nm presents the highest
response. However in the 420-510nm range, the higher
response is given by the film prepared with four layers. 0164 a T b)
Then the preparative procedure using four electrodeposi-
tion steps present the optimal response either at energies<
below or above the bandgap and it was chosen to perform %‘
the studies concerning adsorption and/or photodegradation 5 o.0s
processes [1,9]. g
Concerning the nanocrystalline electrode response in the §
region of the optical absorption edge, we suggest the deter- g
mination of then value by considering a different power law 0.00-
for the absorption edge region according to Eq. (5). Table 3
¥

shows the optical bandgaf;?zgpt thus obtained for nanocrys-
talline electrodes with different number of deposited oxide
layers calculated from the fit of the optical absorption

20 ' 22
hv/eV

edge from the spectrum shown in Fig. 7. This fitting Fig. 8. Plots of the sub_—bandggp quantum efficiency vs. incident photon
procedure was also applied for thermal and electrochemi- €"eray for nanocrystalline (solid line), thermal (dashed line) and elec-

cal oxides, and a value of approx. 1.0 fowas obtained,

trochemical (dotted line) Ti® oxide electrodes in 0.1 M NaCl, pH 4.7.
The frequency of chopped light was 80Hz. Photon energy range: (a)

indicating a behavior associated with amorphous semicon-2.0-3.0eV; (b) 1.7-2.0eV. The values indicated correspond to the energy
ductors according to [11]. The values for nanocrystalline  for which the quantum efficiency is maximal.
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Davis [11], according to which the changes in the bandgap the peak corresponding to the nanocrystalline oxide is more
energy reflect local order in the oxide material. shifted towards lower energies and its quantum efficiency
Now, we focus on the spectral region near the band edgedecreases significantly with respect to the other films.

and on the low-energy side near the photoresponse shoul- Other authors [18,23] have reported a sub-bandgap pho-
der observed around 2.8 e¥425nm) for nanocrystalline  tocurrent peak above 2eV attributed to defect states that
oxide film. Fig. 8a and b shows sub-bandgap quantum could be of a mixed nature, partly extrinsic and partly intrin-
efficiency vs. incident photon energy for the three Ti/JiO sic. In our case, we also observed that the photocurrent in
electrodes in 0.1 M NaCl, pH 4.7. The spectra were ob- this range is sensitive to the state of the film, but not to the
tained in the potential range from 0 to 1.5 V. It was observed electrode applied potential. The range below 2 eV is insensi-
that the sub-bandgap photocurrent was essentially potentialtive to any of these parameters. It is noticeable that the peak
independent, and so only the spectrum obtained at 1.5Vbelow 2 eV always appears, independently of the titanium
is shown. These sub-bandgap spectra change drasticallyoxide formed. Indeed, the shoulder aP.4-2.8 eV range
with the different electrodes. Only the spectra obtained for was not found in thermal and/or electrochemical growth ox-
nanocrystalline electrodes present a shoulder at energies indes. These facts could be indicating that the presence of the
the range 2.4-2.8 eV, to which a maximum of 2.6 eV was complex associated intrinsic—extrinsic defects should have
assigned from a deconvolution procedure. Possible originsmore probability to be extrinsic in nature for the energies
of this shoulder are discussed below. In all cases, a peakbelow 2 eV than at higher ones. Above 2 eV, the structures
below 2 eV (Fig. 8b) is detected with its maximum at dif- observed in the spectra should be related to the degree of
ferent energies for the different oxide films. The position of order given by the crystalline lattice, and the defect levels
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Fig. 9. Photocurrent—potential values obtained from the maximum in chopped (15 Hz) potentiodynamic curves (scan ratel pfortie nanocrystalline
TiO» electrode irradiated with monochromatic light of 350 nm (solid square), white light (open square), and dark condition (solid line). Inset: elot of th
photocurrent square‘gh) vs. potential for a monochromatic light of 350 nm. The solid line shows the linear fit using Eq. (6).
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Table 4 to get a linear response in a narrow potential range for elec-
Veg anda values obtained fronﬁh vs. potential plots for nanocrystalline  rochemical formed oxides. Since this type of dependence
electrodes at 350 nm and= 173 is observed mainly for amorphous anodic oxides [26], its

pH Vs (V) a (em™) unfulfillment for nanocrystalline oxides could be due to the
33 —0.036 113 x 102 fact that this type of films have mainly crystalline structure.
47 -0.187 1025x 10? The photocurrent dependence on applied potential is deter-
9.6 -0.173 192 x 107 mined principally by the behavior of a crystalline n-type

semiconductor more than by the behavior corresponding to
amorphous materials despite the fact that the energy defect
could be explained in terms of isolated defects, probably of levels inferred from photocurrent—wavelength curves.
intrinsic origin (oxygen vacancies, titanium interstitial and
Ti(lll) ions present in the n-Ti@ lattice) according to the
results presented in Fig. 7. 4. Conclusions
Below 2eV, the existence of some intrinsic defect
with an extrinsic impurity could account for the observed  The nanocrystalline oxide films have proved to have
results (from Fig. 8). The nanocrystalline Ti@lectrode n-type semiconductor characteristics. The UPS analysis
that corresponds to the higher number of layers depositedshowed that the particulate Ti@ilm had Ti(lll) species at
gave the same values of photocurrent in this region, com- very superficial layers and all throughout the film, confer-
pared with the thermal oxide. Moreover, the peak maximum ring it a semiconductor behavior rather than an insulating
shifts toward energies matching with the ones correspondingone. From all the electrodes prepared, those obtained from
to the thermal oxide. These defect levels could correspondnanocrystalline deposits showed the best photoresponse in
to the same extrinsic impurity, making the photocurrent at the supra- and sub-bandgap regions. The analysis of dif-

~1.87 eV independent of the ordering. ferent thickness showed an optimal value of four deposited
layers concerning its photoresponse.

3.2.4. Dependence of the photocurrent with the applied The experimental data obtained from chopped voltammo-

potential grams and the results of theoretical simulations reported here

Fig. 9 displays the photocurrent as a function of applied confirm the crystalline character of the nanocrystalline films.
potential to the electrode, irradiated with white light and at However, the small amorphous degree could be associated
a wavelength corresponding to the maximum observed in to defect levels that respond to a Gaussian distribution in the
the photocurrent specti@ ~ 350 nm) chopped at 15Hz.  sub-bandgap region. On the other hand, the fit performed for
A higher photocurrent is observed when the electrode is il- the electrochemical oxide suggests a higher disorder in the
luminated at. ~ 350 nm. The response obtained for anodic oxide lattice, with the thermal oxide having more local order
and thermal TiQ oxides was quite different (photocurrent than the electrochemical one despite the fact that no energy
squared vs. potential plots were not linear in the whole poten- levels were present in the region between 2.0 and 3.0eV.
tial range) as it was also observed by other authors [19,22].

In the inset of Fig. 9 is shown th&, vs.V dependence
for nanocrystalline Ti@ electrodes irradiated with 350nm  Acknowledgements
monochromatic light and the linear fit predicted by Eq. (6).
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