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It is found that the photodegradation of methyl violet adsorbed onto a p-CuCNS photocathode
can be suppressed if the electrolyte contains another fluorescent dye, e.g. rhodamine B or
fluorescein. It is suggested that stabilization results from energy transfer between excited dye
molecules in the solution and the adsorbed dye.

1. Introduction

The photosensitization of electron transfer across the semiconductor electrolyte
interface is a well known phenomenon that would possibly play an important role in
future solar energy conversion devices [1-7]. By sensitization a photoelectrochemical
cell based on a high band gap semiconductor can be made sensitive to visible light.
This is attractive because photostable semiconductors are wide band gap materials.
Unfortunately the sensitized photoelectrochemical devices suffer from two serious
defects: (1) As a result of concentration quenching, the quantum efficiencies of
sensitized systems are rather low [8,9]; (2) Dyes photodegrade rapidly, and most
efficient redox couples are ineffective in suppressing their photodegradation signifi-
cantly [1-7]. We have found that photodegradation of methyl violet adsorbed onto a
p-CuCNS (cuprous thiocyanate is a p-type semiconductor of band gap 3.2 eV [7-10]
surface can be suppressed if the redox couple used is itself a fluorescent dye such as
rhodamine B or fluorescein. This conclusion is based on a study of the stability of
p-CuCNS photocathodes sensitized with the cationic dyes methyl violet (M) and
rhodamine B (R), which rendered water insoluble by replacing the anion (Cl~ in
commercial dyes) with the complex ion Zn(CNS);~.

2. Experimental

CuCNS was deposited on 3 X3 cm copper plates electrochemically by the
method described in ref. [7]. A peculiar property of CuCNS is that it readily adsorbs
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dyes containing an ionic or a covalently linked CNS ligand [7]. The plates were
coated with thiocyanates of methyl violet (MCNS) and rhodamine (RCNS) by
keeping them immersed in the dye solution for 30 min (0.1 g/dm™> of water
containing 10% of ethanol). The thiocyanates were prepared from respective chlo-
rides by heating them with a strong solution of KCNS and recrystallization [7].
Thiocyanates of R and M are water soluble: when a dye adsorbed plate is immersed
in water, the dye is gradually solved in the solution.

To study the photoeffects at a semiconductor/adsorbed dye D, /dye D, solution
interface, it is essential that the solubility of D, is suppressed as far as possible. This
could be done because methyl violet and rhodamine cationic dyes become water
insoluble [11] when the anion is the complex ion Zn(CNS)2~ (the solubility of
M, Zn(CNS)* is approximately 10~ ¢ moldm > at 30°C compared to 10~ * mol dm~*
for MCI). To convert the adsorbed dye into the insoluble form, the plates coated
with thiocyanated dyes were kept immersed in a solution containing 1 moldm ™ of
KCNS and 1.5 moldm~3® ZnSO,, when anion exchange transform XCNS into
X,Zn(CNS),. The thickness of the adsorbed dye layer was determined by extracting
the dye with ethanol and spectrophotometric estimation.

As the cell works better in the backwall mode, the anode used was a brass frame
coated with copper sulphide [7]. The supporting electrolyte was 0.1 moldm™?
Na,SO,. Familiar redox agents (e.g. I /1) as well as different water soluble dyes
were added to the electrolyte and a change of the photocurrent was observed under
short-circuit conditions. Photocurrent spectra were determined with an applied
photophysics monochromator and a 250 W halogen lamp.

3. Results and discussion

The time development of photocurrents in cells with p-CuCNS/M,Zn(CNS)
photocathodes in the presence of different redox agents are shown in fig. 1. In the
absence of a redox couple the photocurrent undergoes rapid decay. Familiar redox
couples (e.g. I/17) reduce the decay to some extent. A dramatic increase in the
stability is noted when a fluorescent dye (rhodamine chloride or fluorescein) which
could also act as a redox couple is added to the solution. Again it was noted that
this effect is not present when methyl violet chloride is added to a cell with a
photocathode of p-CuCNS/R,Zn(CNS),. The photocurrent spectrum of p-
CuCNS/M,Zn(CNS),/R in the solution system is compared with emission and
absorption spectra of the dyes in fig. 2. It is seen that the photoresponse is the
strongest near the overlap region of the absorption spectrum of the M,Zn(CNS),
coated surface and the emission spectrum of rhodamine in aqueous solution.

The cathodic sensitization of a p-type semiconductor is supposed to occur via the
following mechanism [1-3]. When an electron in the dye molecule is excited from a
lower level into an upper level, an electron from the valence band is transferred into
the half-occupied lower level (fig. 3). A reducing agent present in the solution could
accept this electron regenerating the dye. The photocorrosion of the dye, which is
generally a reduction in a cathodic process, can also be understood. The electron
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Fig. 1. Time development of the photocurrent in a p-CuCNS photocathode sensitized with M, Zn(CNS),.
(1) Rhodamine B (xX 10~ ¢ moldm ~3); (2) Fluorescein (3x10™% moldm~3); (3) I7/I; (I" =8x 1073
moldm ™3, 1 = 8x10~* moldm ~?) in solutions; (4) In absence of a redox couple. The dashed curve gives
the time development of the photocurrent when p-CuCNS is sensitized with R,Zn(CNS), and the

solution contains ~10~* moldm ™2 of M (supporting electrolyte: 0.1 moldm ™3 Na,SO,, light intensity
= 480 Wm~2 from a halogen lamp).

transferred to the dye molecule sometimes accepts other positive ions in the
solution, e.g, H* generating highly reactive free radicals that degrade the dye by
reduction. When a second dye D, is present in the solution, a different process
becomes predominant. Molecules of D, excited by absorption of light transfer
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Fig. 2. (a) Absorption spectra of rhodamine B (R) and methyl violet(M), and the fluorescene spectrum of
rhodamine B. (b) Photocurrent spectrum of a p-CuCNS photocathode sensitized with M, Zn(CNS),. (1)
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Rhodamine B in solution; (2) In absence of a dye in the solution.

energy to molecules of the first dye D, on the surface of the photocathode with
i.e., D, accepts an electron donated by D, and an electron from
of the semiconductor is transferred to D", D, in the solution
combines with H* ions to form the reduced leuo compound L,. The leuo compound
is oxidized back to the dye at the anode. Reactions occuring near the electrodes can

charge exchange,
the valence band

be represented as

follows:
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Fig. 3. Energy diagram for cathodic sensitization at a p-type semiconductor/dye interface. The half-oc-
cupied lower level and the excited level are denoted D and D*.

Photocathode:

h» + D, > D#,

Dy +D,—»D; +D;,

D; +H*>L,,

D; + e (valence band) — D,;

Anode:
OH™+L,—-»D,+ H,0 +e.

In principle the cell is completely regenerative: D, adsorbed onto the surface of
the photocathode cannot degrade because D; almost instantaneously accepts an
electron from the valence band (electron transfer to D™ from the valence band is a
faster process compared to electron transfer from a species in the solution [5].
Resonance energy transfer occurs most effectively when the emission spectrum of
the fluorescent dye D, overlaps the absorption spectrum of the dye D, that accepts
excitations. A blue shift of the first spectrum with respect to the second favours
energy transfer [10,11]. This is clearly evident in the photocurrent spectrum where
the photoresponse is seen to be the strongest in the overlap region of two spectra
(fig. 2). If the roles of the two dyes M and R are interchanged, i.e., D, =R, D, =M,
the energy transfer is inefficient and stabilization is not seen (fig. 1).

The quantum conversion efficiency at the peak position (570 nm) depends on
concentration of R, because of light cutoff from the solution and concentration
quenching among molecules of R. A maximum quantum efficiency of ~ 8% is seen
when the concentration of R ~ 3 X 10™* moldm™> and the adsorbed dye layer is
~ 5-8 monolayers thick.
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4. Conclusion

The above method of suppressing photodegradation of dyes in a sensitized
photoelectrochemical cell could apply to systems based on other semiconductors (p-
or n-type). However, with more familiar semiconducting materials, e.g., TiO, and
SrTiO;, we have not succeeded in finding a method that will firmly affix the dyes
making them insoluble. This method may also be extended to stabilize sensitized
photcatalysts. Again further studies on sensitized photoelectrochemical systems
based on several dyes could help to understand the mechanisms of light induced
energy and charge transfer at the semiconductor /dye/electrolyte interface.
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