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SEZIONE II

(Fisica, chimica, geologia, paleontologia e mineralogia)

Chimica fisica. — /nfluence of wavelength on the photoeffects at
polycrystalline semiconductors. FEnergy conversion efficiencies of photo-
electrochemical cells employing a titanium dioxide film anode and a
hydrogen or oxygen cathode. Nota® di BRUNO MARCANDALLI e
Ienazio RENaTO BeLLoBONO 9, presentata dal Socio G. SARTORI.

RiASSUNTO. — E stata sperimentata una pila fotoelettrochimica a due compartimenti
(anolita e catolita costituiti rispettivamente da NaOH 1 N e da H,SO, 1 N), con anodo di
biossido di titanio policristallino e catodo di nero di platino. In funzione della lunghezza
d’onda, tra 250 e 450 nm, sono state misurate ¢ determinate la densitd di corrente di corto
circuito, la tensione elettrica a circuito aperto, la resa quantica, e la resa globale di conver-
sione energetica. I dati sperimentali indicano che la conversione di energia fotoassistita si
produce con rese, sia quantiche che globali, pili basse di quelle di una pila autorigenerativa,
dotata degli stessi elettrodi ma ad elettrolita unico (NaOH 1 N), anche nella regione di
completo assorbimento della radiazione incidente. Per quest’ultimo tipo di pila, infatti, le
rese quantiche, al massimo di assorbimento, risultano assai elevate (809, circa) ed abba-

stanza soddisfacente (circa 59%,) la resa energetica di conversione alle lunghezze d’onda
di assorbimento.

Although the photovoltaic effect has been known for a long time [1, 2],
it was not until the fifties of the present century [3] that a real interest was
shown in energy sources making use of this effect. Many investigators
observed photocurrents at various electrode materials, such as CdS [4],
Hg [5-71, Ge [8], ZnO |9, 10], GaAs [11], GaP [12], CuO [13], TiO, [14-18],
and SnO, [19]. In most of the semiconductor studies single crystals were
used and only more recently [i7—-19] has the behaviour and the application
of thin-film polycrystalline electrodes been examined, particularly in photo-
electrochemical investigations. It was generaily found that the bandgap
energy illumination produced electron hole pairs which took part in the
electrochemical processes; more specifically, electrons for the cathodic photo-
current in p-type materials, and holes for the anodic reaction in n-type
electrodes.

One of the most important advantages of the use of semiconductor
electrodes is that the charge transfer processes occur only through the
energy bands. As a consequence, in the presence of sensitizers, charge
transfer processes involving the excited states can be studied by observing
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the sensitized photocurrents [19—22]. Furthermore, attention has been drawn
to the use of polycrystalline materials in place of single crystals [17] since,
from the practical standpoint of realizing large scale electrochemical photo-
cells, this kind of semiconductor electrode is highly preferable. As in energy
conversion processes, one of the major factors to be considered is the energy
conversion efficiency, which markedly depends on wavelength. We deemed
it useful to undertake a study on this argument which so far has not been
investigated in detail. In the present paper energy conversion efficiencies
as a function of wavelength were measured in an electrochemical photocell
similar to that described by Fujishima, Kohayakawa, and Honda [17],
employing anodes coated with a titanium dioxide film and platinum black
cathodes.

Although the bandgap of rutile is fairly large (3.05¢eV) [23], allowing
it to usefully capture only a small fraction of the solar radiation on the
surface of the earth (only about 3 9, occurs in the 315—400 nm range [24]),
it is one of the very few semiconducting materials considered sufficiently stable
when used as an illuminated anode in an aqueous electrochemical cell [25]
[14, 16], even if some instabilities caused by aging effects in single crystal
reduced rutile anodes have been recently reported [26]. In any case the
illuminated TiO, electrode is very attractive, both because oxygen is evolved
at potentials more than one volt lower than the thermodynamic oxygen
evolution potential [27] and because hydrogen evolution has been proven
at a suitable counterelectrode by giving a cathodic bias [17, 28] and/or
by having catholyte and anolyte of different composition [17, 29] (photoassisted
energy conversion [30]).

In order to compare this type of conversion with that of a photo-
electrochemical cell employing a titanium dioxide film anode and an oxygen
counterelectrode in such a way as to have oxygen evolution as a forward
reaction and oxygen reduction at the cathode, energy conversion measure-
ments have also been made with this latter kind of cell. No overall chemical
change occurs in this system and the absorption of light results in the
generation of electrical power [18].

EXPERIMENTAL

The titanium dioxide-film electrodes were prepared by the thermal
oxidation of commercial 99.9 9, titanium plates at 1300-1350 °C. These
films, examined by X-ray powder analysis, showed patterns typical of the
rutile structure. A slight reduction in vacuum improved electrical conduc-
tivity [31]. The film thickness was of the order of 10 pm, so that absorption
of incident radiation was virtually complete at all investigated wavelengths.

Quantum yield studies were carried out with a 1000 W xenon arc lamp
which was placed in the housing of a spectrophotometer assembly mounted
on an optical bench and using a high intensity grating monochromator.
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By means of quartz condensing lenses the irradiating beam was focused
into a spectrophotometric quartz cell in the center of which the titanium
dioxide-film electrode (1.45 cm? immersed in a 1 N NaOH solution was
placed. This anolyte was separated from the catholite (0.sM H,SO, for
the Fujishima cell or 1 N NaOH for the self-regenerative cell) by means of
an agar-agar salt bridge. Platinum black was employed as the cathode
(9.5 cm?®). The catholite of the Fujishima cell was carefully deoxygenated,
while that of the self-regenerative cell was oxygenated by bubbling oxygen
through solution. The volume of gas evolving at the cathode of the Fujishima
cell was measured by a suitably calibrated microburette. Voltage, current
and power of the cell were obtained as a function of the load resistance during
illumination at various wavelengths. Potassium ferrioxalate was used for
actinometry, according to the method of Hatchard and Parker [32]. Energies
as a function of wavelength were measured with a passing band of 6 nm
which was also used for quantum yields measurements: in these experimental
conditions energy values per unit time and surface ranged from 40 to
600 uW cm2.

RESULTS AND DISCUSSION

Energy conversion in an electrochemical photocell, which consists of
titanium dioxide as an anode, and platinum as a cathode, employing catholyte
and anolyte of different composition as in the present paper—that is adding
chemical energy to the system—occurs with the assistance of light. The short
circuit current density and the open. circuit voltage of the cell at various
wavelengths are reported in Figure I a, in which the quantum efficiency
and the energy conversion efficiency values are also shown. The quantum
efficiency, defined as the current density at the titanium dioxide electrode
divided by the flux of radiation (that is the electrons flowing per impinging
photon) was determined under potentiostatic conditions for the saturation
current. The values obtained by this method were only 20-359, higher
than those obtained from hydrogen evolution measurements. The energy
conversion efficiency was evaluated as the ratio between the maximum power
per unit surface of the titanium dioxide electrode and the radiation flux.
In this way, a value not corrected for the added energy is obtained. In order
to compare in Figure 1 a all values of current density and power, these
were referred to a standard illumination of 300 uW cm™2.

As expected, all the curves show a sharp decrease near the bandgap
energy. The figures agree fairly well with some recent values reported in
the literature [29], even if they should be regarded only as representative,
since different titanium dioxide films differ in their photoresponse depending
on its preparation and physical characteristics [34]. The mechanism of this
kind of energy conversion, which has been thoroughly discussed [14, 17,
27, 28, 29, 30, 33], justifies the relatively low quantum efficiency (0.06—0.09)
obtained by this system, even in conditions of virtually complete absorption
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Fig. 1 a (above) — Short-circuit current density, open-circuit voltage, quantum efficiency

and energy conversion efficiency for a two-compartment photoelectrochemical cell employing

a titanium dioxide-film anode (1 N NaOH as anolyte) and a platinum black cathode
(1 N N,SO, as catholyte).

Fig. 1 b (below) — Short-circuit current density, open circuit voltage, quantum efficiency
and energy conversion efficiency for a photoelectrochemical cell employing a titanium
dioxide film anode, an oxygen counterelectrode (Pt black) and 1 N NaOH as electrolyte.

of radiation, and the comparable values of the energy conversion efficiency
as well. Apparent values of 3-5 9, were measured, but when these latter
are corrected to account for the different anolyte and catholyte compositions,
in terms of hydrogen ion activity, values lower by about one order of
magnitude result. Consequently, the photoassisted electrolysis of water in
the cell devised by Fujishima and Honda (14, 16], although attractive,
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does not seem very promising when the technological and economic aspects
are considered. The effect of wavelength on the cell characteristics quanti-
tatively confirms the low efficiency as a solar cell, despite the necessity of
employing an electrical or an electrochemical bias (difference of pH between
anolyte and catholyte) to reach the equilibrium potential of the H+/H, couple.

A more favourable situation, from the energetic point of view, is found
in the electrochemical photocell when both anolyte and catholyte are formed
by 1 N NaOH solution and the cell is working self-regeneratively. The short
circuit current density, the open circuit voltage, the quantum efficiency and
the energy conversion efficiency values for this cell are reported in Figure 1 b
(referred to a standard illumination of 300 W cm~2). The observed behaviour
. clearly indicates that this type of cell is able to very closely satisfy the
ideal requirements, that is:

1) the photocurrent, in the current/potential curves, rises as rapidly
as possible to its saturation value;

2) the saturation current, for a given radiation flux, is as large as
possible;

3) the overpotential of the oxygen electrode, with the platinum black
cathode in alkaline solution, is as small as possible.

The quantum efficiencies are satisfactorily high in the region where
radiation is absorbed effectively, as is the overall energy conversion efficiency,
the main losses for this latter being caused by the charge transfer processes
at the electrode interfaces, particularly in the cathodic reaction.
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