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Abstract The local photoelectrochemical response of
TiO,/carbon black photocatalysts was studied by means of
scanning photoelectrochemical microscopy performed un-
der UV illumination and external polarization. Catalysts
obtained by sol-gel techniques showed a uniform response
that improved under anodic polarization, in contrast to the
non-uniform response of mixtures that show enhancement
under cathodic polarization. To explain the differences in
photoelectrochemical activity, we performed electrochemi-
cal and capacitive studies under dark condition, finding a
larger positive shift in the rest potential of sol-gel
composites plus evidence of Fermi-level pinning. We
propose the last is related to the presence of carbon states
with a strong acceptor character formed during the sol-gel
synthesis. An energy band diagram of the composites were
sketched based on the data obtained.

Keywords Titanium oxide - Carbon black -
Photoelectrochemical - Mott—Schottky - Composites
Introduction

Nanocarbon particles have been used widely in the
claboration of catalysts as electrode supports to avoid
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catalysts agglomeration and to promote high surface area
[1-5]. More recently, photocatalysts based on TiO,/carbon
black (CB) have been the subject of various studies, given
that carbon have been reported to cause the narrowing of
the band gap in titanium dioxide films [6—14]. Although the
most common method for preparing a carbon-doped TiO,
film is by direct oxidation of the Ti metal in the flame of a
burner [12—14], solution methods have also been successful
in presenting the optical sensitization phenomenon [9—11].

The typical morphology of TiO,/carbon black compos-
ites is complex, polycrystalline, anisotropic, and heteroge-
neous. Its optimization requires a closer look into the local
photocurrent of the composite films. In situ scanning
photoelectrochemical microscopy (PM) is a powerful
technique for mapping in real time the photocurrent
distribution at the electrode—clectrolyte interface [15—17].
The technique is sensitive to the geometry of the systems
under study, and roughness can influence the intensity and
the distribution of the detected photocurrent [17]. Still, in
this contribution, we probe its usefulness in extracting
information from nanostructured TiO, sensitized with
carbon blacks. Studies performed by scanning PM, com-
plemented by the use of capacitive techniques, provided
interesting insights in the local reactivity of chemically and
physically dispersed TiO,/CB composites, aiding to the
understanding of the reported differences in optical proper-
ties and photocatalytic activities of these composites [10,
11], where the average response gave little information
about the relevance of the dispersion phenomena and/or the
chemical composition at the electrode surface. Consequent-
ly, the ultimate motivation of this contribution is to
understand and, therefore, being able to control through
optimized synthesis the local reactivity of chemically and
physically dispersed TiO,/CB composites.
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Experimental
Synthesis of TiO,/carbon black photocatalysts

Nanometric TiO, was prepared by the sol-gel technique at
low temperature (0 °C). Briefly, 2.8-ml TiCl, (Aldrich) was
added (drop by drop) to 100-ml 1M HCI aqueous solution.
Immediately after addition, the low pH was adjusted to a
value of 3 with concentrated ammonia. After vigorous
stirring for 24 h, precipitates were obtained by sol
neutralization. These solids were washed abundantly with
distilled water and dehydrated at 100 °C. For the case of
TiO, with 10 wt% CB (supplied by Columbian Chemical,
123 m?/g), a similar procedure was followed with the
proper amount of CB dispersed as an ink before the
addition of TiCl,. The ink contained small amounts of
propylenglycol and triton X-100 that were removed during
the annealing of the precipitates. Photoelectrodes were
prepared by placing the paste resulting from mixing the
dried photocatalysts with minor amounts of X-triton and
propylenglycol onto conductive glass substrates (Delta
Technologies, 25x75x1.1 mm unpolished float glass,
SiO, passivated/indium tin oxide coated one surface, Rg=
4-8 ). After further annealing at 450 °C for 1 h in air
(films without CB) and N, (films with CB), the films’
thickness was in the range of 7-13 pum. Fourier transform
infrared (FTIR) analysis indicated that most of the organic
components were removed after annealing but hydroxyl
groups still persisted on the TiO, surface [11]. Electrodes
based on mixtures of CB and commercial TiO, (Spectrum,
50 m*/g) were prepared in a similar manner and compared
to the sol-gel composite. The crystalline grain size of these
powders have been reported [10, 11] and corresponded to
TiOZsol—gel ~ 35 nm < [TiOZ/CB]sol—gel ~ 8 nm < [TiOZCom/
CB]lmixture ~ 30 nm < [TiOseom] ~ 35 nm.

Photoelectrodes characterization

Scanning PM studies were performed with a home-built
apparatus in 0.05-M H,SO, solutions saturated with N,.
Figure 1 shows the experimental setup and the character-
istics of the system used. A He—Cd laser beam model
omnicrome 56 from Melles Griot, with a wavelength of A=
351 nm and a power of 4.2 to 10 mW, was used as an
illuminating source. The laser beam was focused into a
multimodal optical fiber 50/125 using a coupler at the
backside of the optical fiber sensor model F-916 from
Newport. The fiber optic probe was vertically held on an x—
y—z translation stage model MM4005 from Newport and
immersed in 0.05-M H,SO, solution. A potentiostat was
used to control the potential of the screen-printed film
electrodes during illumination. A three-electrode electro-
chemical cell configuration was completed by using a
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Fig. 1 Experimental setup of the scanning photoelectrochemical
microscope system used to obtain the local photocurrent activity of
composite electrodes based on TiO,/carbon blacks. See the text for its
description

saturated calomel electrode (SCE) as reference and a Pt
counter electrode. The photocurrent measured from the
screen-printed film electrodes was acquired as a function of
the x—y position along the scan, and as long as the distance
of the optical fiber to the electrode surface was maintained
well above the roughness of the substrate (i.e., millimeters
vs. micrometers), the photocurrent scan was sensitive only
to the presence of photoactive material.

Cyclic voltammetry experiments and electrochemical
capacitance measurements were carried out in a single
compartment three-electrode glass cell, with Hg/Hg,SO, as
the reference electrode and Pt wire as the counter electrode.
The screen-printed film working electrode was mounted
parallel to the reference electrode and had a 1-cm* exposed
geometric area. Electrochemical measurements were
obtained with a Solartron system, where the ac impedance
measurements (averaged over 10 cycles) were carried out
with a 10-mV (rms) amplitude, at fixed frequency in the
potential range of —1.0 to 1.0 V vs SCE.

Results
Photoelectrochemical characterization

The PM data of sol-gel TiO, photoelectrodes obtained as a
function of external polarization are shown in Fig. 2. The
images are taken at applied potentials (U) more positive
(anodic polarization) or more negative (cathodic polariza-
tion) than the rest potential measured under dark condition
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and labeled V,.: Fig. 2a, U= V,.=0.0 V vs SCE,; Fig. 2b, U=
=500 mV vs V,; Fig. 2¢c, U=500 mV vs V,.. From these
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Fig. 2 Scanning photoelectrochemical microscopy data of sol-gel
TiO, photoelectrodes obtained as a function of external polarization:
a images at rest potential (V,.=0.0 V vs SCE), b at cathodic
polarization (=500 mV vs V), ¢ at anodic polarization (500 mV vs

Vo). Scan rate of 200 um/s. Data obtained at ambient conditions in
0.1 N H,SO4
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images, it is clear that a significant increase in photocurrent
takes place under positive bias, while just a minor increase
in photocurrent appears at negative polarizations.

For sol-gel TiO,/CB composite electrodes, the PM
images are shown in Fig. 3, where we compared the effect
of surface activation and polarization. Carbon materials
usually require surface activation to remove adsorbed
species and to passivate the most reactive sites that can
act as recombination sites; in our experiments, this was
performed by cycling between —1 V vs SCE to +0.1 V vs
SCE. A significant increase in photocurrent was observed
after surface activation (Fig. 3a vs b), but no differences
were found relative to polarization (Fig. 3b taken at V. vs ¢
taken at +0.6 V vs V), in clear contrast to the potential
dependence found on sol-gel TiO, electrodes. For elec-
trodes based on commercial TiO, (TiO; com) and mixtures
of TiO3 ¢om and CB (TiO3 ¢om/CB)mixture (Fig. 4), no major
changes were observed under anodic polarization, but a
notorious increase in photocurrent was observed at negative
bias with the scale changing from 0.45 nA at V. to 400 nA
at —0.3 V vs V... Moreover, the photocurrent in these
electrodes was found to be higher than that in sol-gel
composites and also more sensible to the dilution effect
caused by the presence of carbon blacks. Both electrode
mixtures and sol-gel composites had rest potentials (mea-
sured at dark condition) shifted to more positive values due
to the presence of carbon blacks.

Electrochemical characterization

To select the potential range appropriate for Mott—Schottky
(MS) modeling (i.e., a potential range with maximum
capacitive current and minimum redox contribution), cyclic
voltammograms were obtained in 0.1-M H,SO,4 at scan
rates of 10-100 mV/s. Similar geometric area (1 cm?) and
measurement conditions were used in all the screen-printed
electrodes. The results are shown in Fig. 5, where redox
peaks at —0.5 V vs SSE and 0.1 V vs SSE are notorious in
the I-V curves of the oxides and composites obtained by
the sol-gel route (Fig. 5a), in contrast to the dominant
capacitive current of the commercial oxide and its mixtures
with CB (Fig. 5b).

In ideal semiconductor/redox electrolyte interfaces, the
presence of an energetic barrier in the semiconductor phase,
originated by the equilibration of the electron Fermi level in
the solid (Er) and liquid phases (E q0x), can be approxi-
mated by the semiconductor depletion layer capacitance Cq,
and the MS equation expressed as [18]

1/C2 = (2/ee,Np)(APsc — kT Je); (1)

here Np is the donor concentration in cm >, e is the charge
of the electron, £ is the Boltzman constant, 7 is the
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Fig. 3 Scanning photoelectrochemical microscopy data of sol-gel
TiOy/carbon black composite electrodes containing 10 wt% carbon
black: a photocurrent obtained at rest potential (V,.=0.1 V vs SCE),
b—c images of activated surfaces, b at rest potential, ¢ under anodic
polarization of +0.6 V vs V.. Activation was performed electrochem-
ically by cycling the electrodes between —1 and +0.1 V vs SCE. Data
obtained at ambient conditions in 0.1 N H,SO4 at 200 um/s scan rate
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Fig. 4 Scanning photoelectrochemical microscopy data of electrodes
based on commercial TiO, and mixtures of commercial TiO, and
10 wt% carbon blacks: a image of the oxide at 0.25 V vs V. (Vo=
0.05 V vs SCE), b—c¢ images of activated mixtures, b at /,.=0.3 V vs
SCE, ¢ under cathodic polarization of —0.3 V vs V.. Data obtained at
ambient conditions in 0.1 N H,SO,4 at 200 um/s scan rate
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Fig. 5 Cyclic voltammograms of nanoporous TiO,-composite elec-
trodes based on 10 wt% carbon blacks in 0.1 M H,SO, at various scan
rates (1-10, 2—100, and 3—-100 mV/s). a Electrodes based on sol-gel
oxides and composites; b electrodes based on commercial oxide and
mixtures. Label 3 marks the I-V curves of the oxide matrices

temperature, and € and g, are the dielectric constant and
vacuum permittivity of the semiconductor, respectively.
Adsc represents the potential drop into the semiconductor
and A®sc=0 (no potential drop within the semiconductor)
corresponds to the flat band condition. In terms of the
electrode potential U, Ad®sc = U — Upy,; hence, Uy, can be
obtained from the intersection with the potential axis of the
linear plot of C % vs U, while the slope m is inversely
proportional to Np.

The MS plots of the electrodes based on sol-gel
materials are presented in Fig. 6; here, the nanometric sol-
gel oxide (Fig. 6a) shows the pattern expected for n-type
semiconductors, while the sol-gel composites (Fig. 6b)
apparently shows both inversion (negative slope) and
depletion zones (positive slope) in a narrow potential
interval. In these electrodes, CBs shift the flat band
potential of the oxide by almost 300 mV, from 0.1 to

0.4 V vs the normal hydrogen electrode (NHE), which is
larger than the shift observed in carbon-modified titanium
dioxide [8], where the flat band potential moves from
=520 mV to —0.39 V vs NHE. For electrodes based on
commercial oxides, Fig. 7 shows similar MS plots for
oxides (Fig. 7a) and mixtures (Fig. 7b), with m and Uy,
barely changing by the addition of carbon blacks. The value
of Up,=100 mV vs NHE is close to the reported value of
TiO, films with relatively low donor concentration [19].
The frequency dependence of Uy, and m values obtained
from Figs. 6 and 7 is summarized in Table 1, where we can
see that Uy, barely changes with frequency but m clearly
decreases at higher frequencies. In ideal semiconductor/
electrolyte interfaces, this dependency is not accounted for
and explains why the donor concentration obtained by
using the geometric area of the electrode is 3—4 orders of
magnitude above the expected donor concentration of
passive films [18]. It is apparent that the absolute values
of C and m can not be quantitatively associated to C,. or Np

90

1a

80
B
L 20
8
O
= / y
T 604

50

40 T T T T T T T T T T

-0.6 -0.4 -0.2 0.0 0.2
6x10° b
o
o
~ 4x10°-
o
~~
2x10° /
f
04

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V vs SSE)

Fig. 6 Mott-Shottky diagrams of sol-gel oxides (a) and sol-gel

composites (b) obtained at 100 Hz and 10 mV/s scan rate in 0.1 M

H2S04. The oxide shows the pattern expected for n-type semi-

conductors, while the sol-gel composites apparently shows both the
depletion and the inversion zones in a narrow potential interval
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Fig. 7 MS plots for electrodes based on commercial oxides, where
the n-type nature of the oxide (a) and its flat band potential barely
change by the addition of carbon blacks (b). Data obtained at 10 Hz
and 10 mV/s scan rate in 0.1 M H,SOy4

without correcting for the roughness factor (i.e., active
surface area » geometric area), the contribution of the
double layer capacitor Cy, and/or the contribution of the
pseudofaradic reactions observed on the cyclic voltammo-
grams. The mild frequency dependence of the flat band, on
the other hand, follows the trend expected for the presence
of a large donor density, where the potential drop along the
double layer capacitor causes a positive shift [18]:

Up, ~ Uy — kTe + ee,eNp /2C}y (2)

Here, U, is the intersection of the MS plot with the
potential axis. The required correction in the Up, value
remains negligible as long as the dielectric constant € and
donor density Np are small. For the composites studied, the
positive shift appears at low frequencies due to the
contribution of surface states and could be as high as

@ Springer

500 mV. It corresponds to Np in the order of 1.9%10?° cm >,
assuming that C;=20 uF/cm? and € (TiO,)=173 [19].

Discussion

Sol-gel composites and ex situ mixtures of sol-gel oxides
and CB (not shown) are electrochemically active in acid
media. They show redox peaks similar to the one shown in
Fig. 5a, where the electrochemical activity is likely a
combination of good electronic conductivity (better disper-
sion of carbon blacks) and the synergism between the
hydroxylated oxide and the oxygenated groups on the
carbon surface. These redox peaks fade away during
electrochemical activation and are absent in mixtures of
CB and commercial TiO,.

Interestingly, the superior dark current of sol-gel materi-
als does not manifest as PM images with superior local
photocurrent. A priori, one would expect that the enhanced
dispersion of sol-gel composites brings a substantial
increase in the semiconductor/electrolyte interface aiding
to charge transfer in both dark and illuminated conditions.
The fact that this does not occur suggest a complex role for
the intimate oxide/CB interface of sol-gel materials. The
scanning PM provides information on the local photo-
electrochemical activity due to water oxidation/reduction
reactions driven by photogenerated electron/hole pairs. It is
sensible to the dispersion of the photoactive material and/or
to electron/hole recombination caused by poor electron
transfer kinetics and the abundance of surface states.
Because PM images agree well with the expected distribu-
tion of the photoactive material, giving near-homogeneous
values in sol-gel composites where the oxide grows on top
of the CB, while bright and dark zones are typical of

Table 1 Flat band potentials Uy, and m values at selected frequencies

Material Uy, vs NHE Frequency m*
V) (Hz) (F2r

TiO; sol-gel -0.1:0.2 1 3,000
10 600
100 100

(TiO; /CB)sol-gei 0.4:0.5 1 6x10°
10
400

TiOs comi 0.1 1 600
10 100
100 —

TiO5 ¢om + CB 0.1 1 700
10 100
100 -

Slope of the line intersecting the U-axis in a C” ZvsU graph
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mixtures, the likely presence of electron/hole recombination
is further discussed.

The sensitivity of PM images to small potential bias
gives information on the recombination phenomena. Sol-
gel TiO, photoelectrodes obtained as a function of external
polarization (Fig. 2) show the behavior expected in n-type
nanostructured electrodes (photoanode under illumination)
where the abundance of surface states propiciates near flat-
band condition, and small positive potential bias helps to
overcomes hole’s recombination under illumination. On the
contrary, sol-gel composites do not show any preferences
relative to polarization (Fig. 3b and c) that seems to agree
with the maximum observed in the MS plot. Here, an
inversion zone or a pseudocapacitor assigned to faradic
events contribute at large positive bias. For TiO, .o, and
TiO; (om/CB, no major changes in PM images were
observed under anodic polarization but a notorious increase
in photocurrent was evident at negative bias. That suggests
the presence of energy barriers for the reduction reaction
instead of recombination problems related to the lack of a
well-defined depletion zone that is not supported by MS
data. Energy barriers for hydrogen or peroxide production
appear when the potential of the conduction band is not
negative enough.

In regard to the information extracted from the simpli-
fied MS equation, this is based on the analysis of the
differential capacitance measurements of the semiconduc-
tor/electrolyte junction in semiconductors that are not
heavily doped or have an abundance of surface states. That
is hardly the description of the sol-gel materials, and we
proposed that the inversion and depletion zones observed in
sol-gel composites reflect the contribution of the redox
reaction at 0.1 V vs SSE, explaining also the large
hysteresis of this material. Because ex situ mixtures of
sol-gel oxides and carbon blacks also show the inversion
zone (or negative slope), but not the mixtures based on
commercial oxides, the functionality of the sol-gel oxide
plays an important role in promoting this faradic events,
most likely by contributing to the abundance of surface
states and Fermi level pinning.

Energy band diagrams

The energy diagrams presented on Fig. 8 took into account
the electrochemical and PM characterizations. The flat band
potentials were drawn according to the MS plots because of
the small frequency dependence observed in Uy, values.
The bending on the bands reflects the bias-dependence
found on the PM data. Notice the bands of the sol-gel
oxides drawn flat, as it is under anodic polarization where
the enhancement on photocurrent was observed (i.e., at
positive bias charge separation is promoted and oxidation
processes at the interface are facilitated). The energy bands
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Fig. 8 Energy band diagrams of the electrodes studied. a TiO,sol-gel,
b (TiO,/CB)sol-gel, ¢ TiOcom, d (TiO, com + CB) mixture. Flat
band potentials are drawn according to Table 1. The bands of the sol-
gel oxides and composites are drawn flat, while carbon states pinned
the Fermi level close to the middle of the band gap in sol-gel
composites. For commercial oxides and its mixtures, the bands are
bent and the peroxide route is barely accessible

of sol-gel composites were drawn flat also but at more
positive potentials, as carbon states pinned the Fermi level
close to the middle of the band gap. The unpinning of the
bands (i.e., the switch from band pinning to Fermi level
pinning) causes the insensitivity of the activated surfaces to
external polarizations, as most of the potential drop occurs
inside the double layer. We proposed that after surface
activation the enhancement in photocurrent is observed
because many of the reactive recombination sites become
passive. In sol-gel composites, and perhaps due to the
intimate oxide/carbon bond, carbon might act as a sink for
the photogenerated electrons that can not be consumed by
the peroxide or hydrogen routes avoiding hole recombina-
tion. The presence of carbon states in the middle of the
oxide band gap also explains the optical sensitization [10]
and the improved long-time photocatalytic activity found
on these materials [11]. For commercial oxides and its
mixtures, where the enhancement in photocurrent is
observed under cathodic polarization, the bands are drawn
with enough curvature to exemplify that a well-defined
barrier for electrons inhibits the peroxide route. In physical
mixtures, carbon blacks do not fulfil the role of electron
sequesters, and this leads to the accumulation of photo-
generated electrons followed by holes annihilation.
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Conclusion

We report the photoelectrochemical activity of TiO,/carbon
black photocatalysts. Scanning PM studies were performed
under external polarization in acid media with film elec-
trodes illuminated with UV light. Without external polari-
zation, small photocurrent intensities were observed for
nanostructured carbon-doped TiO, films and photoelec-
trodes based on ex situ mixtures of commercial TiO, and
carbon blacks. Enhancement on photocurrent occurs after
the surface activation on both composites, although the
preference for anodic polarization shown by the sol-gel
oxide is erased on electrodes based on sol-gel composites,
while cathodic polarization is still required on the mixtures.
Cyclic voltammetry and capacitance studies performed
under dark condition complemented the PM data and allow
us to draw schematic energy band diagrams explaining the
structure-dependent role of carbon blacks, which creates
acceptor states on sol-gel composites. These data are
relevant to the design and application of photocatalysts in
electrochemically assisted photocatalysis and provide fur-
ther insight into the properties of sol-gel TiO, sensitized by
nanometric carbon blacks.
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