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Abstract. The semiconducting ceramics deposited on a porous metalJic film
acting both as catalyst and electronic collector present large photocurrents and
considerably enhanced electrooxidation currents when illuminated in the presence
of small amounts of alcohol vapors.qn the present research, several types of thin, .
"nanocrystalline" TiO2 ceramics have been deposited onto a porous, thin metallic
(Au) film evaporated on a commercial glass fritt with fine porosity. Such composite
layers, can be used under light irradiation to carry out photoassisted electrochemical processes. The morphology of TiO z ceramics prepared in three different ways
(painting, spray pyrolysis, and spin coating) have been examined by electron
microscopy and atomic force microscopy. Their efficiency in the photoassisted
electrooxidation of alcohol vapors make them look promising for the decontamination of polluted air or waste water.

Keywords. Semiconducting ceramics; photoelectrochemistry; gas-phase
electrooxidations; methanol.
1. Introduction
The aqueous suspensions of TiO 2 powders have been found to be very efficient
in the photooxidation of various alcohols 1 6 but the use of a slurry of photocatalysts
in the decontamination of polluted water requires their subsequent separation.
This difficult problem, which has to be solved before any practical application,
may be overcome by using T i O / ceramics, such as those prepared from different
precursors 7.8, and examined by scanning force microscopy 9. In our previous
work on the metallic films deposited on Nation membranes 10.1~, zeolithe discs 12,
or alumina ceramics 13, we also found them to be very efficient in the electrooxidation of vapors of various organic molecules. A synergy effect can be therefore
expected from the joint use of the semiconducting ceramics and the metallic films
formed by the catalyst particles.
In the present work various thin ceramics prepared from TiO 2 precursors have
been deposited onto a thin, porous gold film evaporated on a. commercial glass fritt
with fine porosity. Such composite layers, used under light" irradiation to carry out
electrochemical processes in the gas-phase, present a number of technical advantages
and possibilities:

- each semiconductor grain does not need to be metallized, and thus the planar
structure is easier to produce;
- it is easy to obtain the real active area of a catalytic film when it is used as working
electrode in an electrochemical set-up;
* For correspondence
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the metallization of the planar structure is macroscopic and therefore external circuitry can be attached and electrical current drawn or driven through the layer. This
possibility points toward photovoltaic cell applications and waste water treatment;
- the semiconducting layer is adaptable to the production of more complex PEC
structures, involving an array of PEC cells formed from different semiconducting
layers deposited on a metallic pattern.
-

The morphological properties of these layered materials, have been studied by electron
(SEM, ESEM) and atomic force (AFM) microscopies, in order to observe the modification in shape and size of the precursor particles because such knowledge is helpful in the
preparation of suitable anodes for the photo-assisted processes in the gas-phase, or in
an electrolytic medium.
Their photoelectrochemical properties have been tested in the case of the oxidation
of methanol, chosen because of the relatively limited number of oxidation products
with respect to the other alcohols or organic compounds.
2. Experimental
2.1

Metallic films

A thin layer (320 nm thick) of gold was evaporated on one side of a glass fritt (GF) disc
(40 mm in diameter), having a fine (4) porosity. Such an electrically conducting layer of
gold can be used as working electrode for the electrochemical deposition of Other
metals like Pt or Pd on it. Alternatively, the glass fritt discs, covered or not with
evaporated gold, can be used as substrates on which metals like Pt or Pd can be
deposited by DC-sputtering in the experimental conditions similar to those already
described before 16.
2.2

GF/Au/TiO 2 photoanodes

Several types of TiO 2 ceramics have been prepared on the metallized side of the glass
fritt (GF/Au):
- from a commercial powder (Degussa P 25), first transformed into paste by grinding
the powder with a very small amount of acetyl acetone in a mortar, and next
suspended in an aqueous solution of glycerol 14.17. The application of this viscous
suspension onto the porous gold film was followed by drying for several hours at
room temperature and firing at 450°C, a temperature reached progressively;
from an aqueous sol containing 10g/1 of TiO 2 particles having a mean radius of
5 nm 18. In the first procedure named "spray pyrolysis", a sr0all amount of sol was
sprayed on the gold film supported by the glass fritt and heated at 400°C. In a second
procedure called. "spin coating", the surface of the porous GF/Au was covered with
a thin layer of sol and then the disc was spun (10 min at 500 rpm) and progressively
heated up to 450°C, a sequence of operations repeated up to 6 times, as previously
described 15. The morphological features of the TiO 2 ceramics deposited either onto
porous GF/Au or plane supports (silicon, glass or conducting glass) have been
examined by scanning electron microscopy (SEM), by environmental scanning
electron microscopy (ESEM) or by atomic force microscopy (AFM). Three different
instruments, JEOL. 35CF (JEOL Co.), Environmental SEM (Electroscan) and
Nanoscope III (Digital Instruments), have been used for SEM, ESEM and AFM
observations, respectively.
-
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Figure 1. The two-compartment cell (above) and the porous diaphragm (below)
2.3

Photoelectrochemical cell

All the photoelectrochemical experiments have been performed in a two-compartment
cell having a reference compartment filled with a supporting, carefully deoxygenated,
electrolyte (1N H 2SO 4 or 1M KOH), and a reaction compartment in which alcohol
vapors can be introduced (figure 1). A large area carbon cloth immersed into the
supporting electrolyte was used as counter electrode (CE), while the reference electrode
(RE) was connected through a Luggin capillary in close proximity of the nonmetallized
side of the glass fritt. The working electrode (WE) was the. gold film covered with the
TiO 2 ceramic facing the reaction compartment, and the whole disc GF/Au/TiO 2
played, in addition, the role of a separator between the two compartments (figure 1).
The electrical contact with the gold deposit is ensured through a carbon ring pressed
onto the surface of the metal. The reaction chamber was equipped with an optical port
and an appropriate filter, so that UV photons (from a 150W Xenon lamp) should
irradiate homogeneously the structure at 2 > 350 nm.
3.
3.1

Results and discussion
Morphology of 770 2 ceramics

The morphological features (grain size, porosity) of the ceramic (TiO2) layer deposited
on gold, examined by scanning force microscopy (SFM), clearly show a small increase
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in the size of the precursor particles due to the firing process. Environmental and
scanning electron microscopies have been used to observe the general shape of the
samples on a larger scale (up to 50 ~tm),and to measure the thickness of the metallic (Au)
or semiconducting (TiO2) layers on micrographs showing images of areas, a few
microns wide.
The micrographs given in figure 2 are typical of the images obtained by SEM or
ESEM for the GF/Au/TiO 2 samples: crevaces (figures 2a, b) on the surface of
thick TiO 2 ceramics made from suspensions of P 25 Degussa, conglomerates of TiO 2
particles deposited by "spray pyrolysis" (figure 2c, d) or thin ceramics deposited onto
GF/Au by "spin coating" (figure 2e, f). Therefore, it is quite clear that, depending on the
preparation methods of TiO 2 ceramics, the access of gaseous reactive species to the
gold sites, can be completely different: direct access in the case of samples prepared by
"spray pyrolysis", passing through the porosity of thin TiO 2 ceramics prepared by
"spin coating" or both direct and indirect access, through crevaces and thick (Degussa
P25) ceramic, respectively. However, from the point of view of the formation of
(e-, h +) pairs, of their transfer and especially of their subsequent consumption or
collection, the thickness of TiO 2 ceramic has to be quite thin, below a tenth of
micron 16, in order to allow a significant fraction of the (e-, h ÷ ) pairs formed under
illumination,
TiO 2 + hv ~ TiO2(h + ,e- )

(1)

to reach the metal/semiconductor interface before recombination occhrs.
3.2 Electrochemical measurements
3.2a

GF/Au

The shape of I/E profiles recorded for GF/Au electrodes under N 2 atmosphere is
similar to that well known for a gold electrode immersed in the same supporting
electrolyte. Presumably, a thin layer of electrolyte covers the surface of the Au deposit
and thus allows the adsorption of oxygen species on the metallic sites, as well as their
desorption when the potential is scanned in the cathodic direction. The real surface of
gold deposits was measured from the area of the characteristic peaks on I/E profiles
recorded before deposition of TiO 2 ceramic, and were found to be 4.5 times larger than
the geometric area, which was always 6-15 cm 2.
3.2b GF/Au/TiO 2 electrodes
After depositing TiO2, the behaviour in the absence of light, of GF/Au/TiO 2 material
used as a working electrode facing pure N 2 was quite similar to that already obvserved
in the same conditions for GF/Au, Au/Nafion 10'11, Au/zeolithe 12, or Au/A1203 13
metallized membranes. A typical dependence of I/E profiles with the anodic limit is
shown in figure 3. The behaviour of this GF/Au/TiO 2 (P25) electrode is still similar to
that of Au or GF/Au electrodes. However, the adsorption of oxygen species on the
surface of gold, as well as their subsequent desorption, is noticeably slowed down by the
presence of a TiO 2 ceramic on the gold surface, the pores of which are filled with the
supporting electrolyte. As a consequence, most of I/E profiles recorded for
GF/Au/TiO 2 materials present noticeably smaller and less sharp peaks (figure 3) for the
desorption of oxygen species from the surface than those usually seen for bulk gold or
for Au/Gf when no TiO 2 was deposited.
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Figure 2. Electron microscopy views of TiO 2 ceramics prepared by:
- painting with a suspension of Degussa P25 powder (a, b);- spray pyrolysis (c, d); or
spin coating (e, f) of Gf/Au with a TiO 2 sol.
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Figure 3. I/E profiles recorded in the dark at various anodic limits for
a GF/Au/TiO2(P25)electrode.

3.3
3.3a

Photoelectrochemical measurements
GF/Au/TiO 2 (P25) prepared by painting

In figures 4 and 5 are shown the photocurrents I~h obtained under chopped light for
a GF/Au/TiO 2 photoanode prepared from a suspension of Degussa P25 powder,
which is covered with crevaces as those seen in figures 2a and 2b. Despite the fact that
the supporting electrolyte is acidic, the photocurrent reaches a maximum value of
3.5 mA and its onset is at - 0-5 V (NHE). The magnitude of photocurrents does not
increase when the partial pressure p of the methanol vapors increases from 54 to
145 Tort (compare figures 4 and 5). Obviously, the methanol vapors are dissolved in the
supporting electrolyte which fills up the pores of the TiO 2 ceramic. It is noticeable that
in our previous work with Au/Nafion electrodes to, the electrooxidation currents have
linearly increased with log p. The plateau Iph values measure~t on the I~-time
dependences recorded at a fixed potential (figure 6) are in agreement with the Iph values
seen on the Iph-potential curves recorded at slow scan speed (1 mV s - 1) under chopped
light (figures 4 and 5).
If an alkaline supporting electrolyte (1M KOH) is used in the reference compartment, the photocurrent increases up to 5 mA. Besides two peaks due to the electrooxidation current also become visible (figure 7), even if the partial pressure of methanol

M/TiO 2 anodes for

10

photoassisted electrooxidation

245

1N H2S041GF/Au/Ti02!N2, CH30H 15Z,Torr}

~i

mA

,

prl'

,

II'I,I,"I:I'I;MI'U!i:~

.n¢31!I

. r r J ~L! , !,l

I '

' :',

'I,I', ~U u

, ~; : :

.:i:uuuu

-

ft.

illlHJ
I

i ,l]

I

I I I

ii

~1

,,] Ii
,

,

'1'

}i

i":'1:'

:

i:

'~:,

n h,il l

-

~,~

/~

' t I',U

0
,

~u

'',

,

,. '

O'

tjtj~ L,II~ u""

I

0

0.5

i

1.0 E/V(NHE}

Figure 4. Photocurrents measured under chopped illumination of a GF/Au/TiO2
(P25) photoanode in the presence of methanol vapors (p = 54Torr) and acidic
media.
vapors (p = 145 Torr) is the same as that used in figure 6. This behaviour can be
explained by the fact that the gas-phase electrooxidation process on the Au sites
becomes photo-assisted by the semi-conducting ceramic under illumination, and this
process is enhanced in alkaline media by a higher local concentration of O H - ions.
The main reactions between the photoproduced holes (h + ) and the adsorbed
C H a O H - or O H - ions,
C H 3 O H - + h + -+CH30,

(2)

OH- +h ÷ ~OH,

(3)

are followed by the interaction of the adsorbed radicals:
C H 3 0 -t- O H ~ C H 2 0

+ H20,

(4)

finally leading up to CO 2.
In the case of the ceramic having crevaces, such as those observed (figures 2a, b) for
the preparations made from viscous suspensions of Degussa P25 powder, the access of
reactive species to the catalytic layer can directly occur through crevaces or indirectly
through the porosity of the ceramic. Clearly, from the fundamental point of view it is
hard to describe the complex interface of these preparations, but for their pratical
applications this might be unnecessary.

246

0 Enea and D Duprez

I

L

mA

1N

H2SO4~GF//S,u/TiO2,CH30H

145 Tort

/'!:1

ImVs -1

10

/

i

,F/(

nrl-i~

-0.5

,

0

,~

,~

,

0.5

,

1.0

1.5

E/V(NHE)
Figure 5. Photocurrents measured under chopped illumination of GF/Au/TiO2
(P25) photoanode in the presence of methanol vapors (p = 145 Torr) and acidic media.

b_~h

1N H2SO¢IGF/Au/TiO21N 2,CH3OH (1¢5 Tort)

h,)

mA

i

I

2

t

'
I

L
t

0

I

I

1

2

3

Time (rain.)
F i g u r e 6. Photocurrent-time transient recorded with a GF/Au/TiOz (P25) photoanode in the presence of methanol vapors (p = 145 Torr).
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Figure 7. Photocurrents obtained under chopped illumination of a GF/Au/TiO2
(P25) photoanode in the presence of methanol vapors (p = 91 Torr) and alkaline
media.
3.3b

GF/Au/7~O2prepared by "spray pyrolysis"

In the case of TiO 2 ceramic prepared by "spray pyrolysis", the irradiation under
N 2 flow produces a small photocurrent, as shown in figure 8a. The photocurrent, as
well as the electrooxidation current, are significantly increased when alcohol vapors are
introduced in the gas compartment (figure 8b). The oxidation peak in the anodic
direction of potential scanning is located at 0.45 V (NHE), and a second oxidation peak,
located at 0.35 V (NHE) is to be seen, while in the cathodic direction it is located at
0"35 V (NHE). These potential values are close to that of the peak due to the desorption
of oxygen species from gold sites (figure 8a). Therefore, the important photocurrents
and oxidation peaks seen in figure 8b are due to the reaction between methanol
molecules and the active oxygen species existing on the surface of the gold layer. For
this kind of preparation (made by "spray pyrolysis"), a photocurrent was detected even
at - 1.2 V (NHE) and the highest photocurrent values, measured on the photocurrent time curves, have reached 1 mA.
3.3c

GF/Au/7iO 2 prepared by "spin coating"

In the case of a crack-free ceramics (figures 2e, f), their thickness estimated from the
SEM micrographs to be around 100 nm, plays a crucial role not only for the transfer of
(e-, h ÷ ) pairs to the catalyst layer where they can be collected or consumed, but also for
the oxidizable species such as alcohol molecules or oxidation intermediates like
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Figure 8. Photocurrents recorded under chopped illumination for a GF/Au/TiO2
anode prepared by spray pyrolysis (a) under N 2 flow, (b) with alcohol vapors.
aldehydes, acids or ketones. If the ceramic layer is 1 mm thick, no photocurrent or
photo-assisted electrooxidation process in observed 16
Among the semiconducting ceramics prepared by "spin coating", we have used one
in which Pt was previously deposited by photoplatinization (in the presence of0.01% of
formic acid as a reducing agent) onto a sol having TiO 2 particles of 5 nm in diameter.
The I/E profiles recorded in the dark, display not only the characteristic desorption
peak of the oxygen species from Au sites but also the peak for Pt sites. It can be therefore
expected that the photoassisted electrooxidation can occur on both type of sites, Au
and Pt. This can be seen in figure 9 showing the photocurrents (dotted line) and the
electrooxidation current (full line) obtained for a GF/Au/TiO 2-Pt anode in dark or
respectively, under illumination. The photoelectrooxidation and the electrooxidation
peaks recorded at - 0"05 V/(NHE) in the cathodic direction are due to the processes
occurring on Pt sites. The magnitude of these peaks is noticeably higher than that of the
peaks located at 0V/(NHE) and 0.5V/(NHE) The photoeurrent onset is at
0.5 V(NHE) in the case when the supporting electrolyte is acidic, and the maximum
value reaches 0.7 mA. In all cases, the photocurrent values measured under chopped
light on I/E profiles, have been confirmed by the photoeurrent transients recorded
-
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Figure 9. Photocurrentsobtained under chopped illuminationof a GF/Au/TiO2-Pt
photoanode prepared by spin coating repeated 4 times.

during the same experimental conditions (partial pressure of alcohol vapors, concentration and nature of the supporting electrolyte in the reference compartment,
thickness and type of TiO 2 ceramics, etc...).
Conclusion
The results clearly show that a photoassisted electro-oxidation process occurs even in
acidic media at the interface of TiO 2 ceramics with the catalytic film and this may be of
great interest in the conversion of light energy or in the degradation of organic
pollutants. However, the understanding of the processes occuring at the interface
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between the porous layered materials and a gaseous (hydrophobic or hydrophylic)
reactant which must cross the electrolyte layer covering the surface, is not simple from
a theoretical point of view. Several parameters, such as the thickness of the ceramic, the
preparation method, or the type of catalytic layer (Au, Pt, Pd .... ) are currently being
studied both from the academic and the practical point of view in order to obtain more
insight into the photoelectrochemical properties of the layered catalyst/semiconductor
materials.
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