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Abstract

CdS—poly(3,4-dioctyloxythiophene) (CdS—PDOT) hybrid electrode has been prepared by electrosynthesis of PDOT on Au substrate followed
by electrodeposition of Cd and its chemical transformation into CdS. The polymer and semiconductor obtained by this method form hemispherical
structures dispersed on the substrate. The synthesized composites were characterized by UV—vis absorption spectra and energy dispersive X-ray
spectra (EDS). The AFM images of the electrodes covered with different amounts of each component were correlated with photoactivity of the
hybrid electrodes. Photoresponses of Au/PDOT-CdS electrodes under illumination in aqueous solution of Na,S were also compared with those
of CdS without polymer. Enhancement of the photocurrent achieved for some polymer-to-semiconductor ratio is discussed in terms of the hybrid
electrode morphology and hole-mediating properties of PDOT. The power conversion efficiency of the device based on CdS—PDOT hybrid electrode
was determined from photocurrent—potential behavior of two electrode system, Au/CdS—PDOT/0.1 M Na,S/Pt with a variable resistance in series

in the external circuit.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Conducting polymer—semiconductor hybrids represent a
novel class of materials for low-cost photovoltaic devices.
Combining of p-type conducting polymers and n-type semicon-
ductors is advantageous for separation of the charges generated
under illumination due to a high electron affinity of inorganic
semiconductor and relatively low ionization potential of the
polymer [1,2]. This allows for transport of the charge carriers in
the separate materials with a low probability of recombination.

The polymer—semiconductor composites are usually pre-
pared in the form of bilayers of the type ITO (or Au)/conducting
polymer/semiconductor/metal. The ITO or Au substrates may
be covered with the conducting polymer by electropolymer-
ization or spin-casting a solution of the polymer soluble in
chloroform. Semiconductor can be synthesized as a film by
chemical bath deposition [3], self-assembling [4] or deposited
in the form of dispersion of nanoparticles in soluble conducting
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polymer [2,5-7]. The latter method is advantageous because of
the increase of p—n junction interface and in effect the increase of
photovoltaic efficiency. However, the semiconductor nanocrys-
tals are not easily dispersed in conjugated polymer. A high
surface energy of nanocrystals leads to their aggregation. The
most efficient method of avoiding this effect is stabilization of
nanocrystals by surrounding surfactant. According to the lit-
erature, the hybrid device consisting of a polymer layer and
monodispersed CdS capped with thioglycerol, spin coated on
the polymer film possesses a dual properties of photocurrent
generation and electroluminescence [8]. However, the surfactant
usually tends to isolate the semiconductor from conducting poly-
mer phase leading to enhanced electron—hole recombination and
decrease of quantum efficiency of the light energy conversion.
Another way of fabrication of semiconductor nanoclus-
ter—polymer composites is co-deposition of the two components
[9]. The semiconductor nanoparticles may be also covalently
linked to the monolayer assembled on Au electrode [10-12].
Preparation of the polymer—semiconductor blends is rel-
atively easy but control of amount of two composites is
problematical. In the present work we demonstrate a simple
method of preparation of poly(3,4-dioctyloxythiophene)-CdS
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composite for photovoltaic cells. Polymer is obtained by
electrodeposition, whereas CdS is formed by electrochemi-
cal/chemical synthesis. Electrochemical methods offer a wide
range of control of the polymer and CdS amounts. In this work
we optimize the conditions to obtain the hybrid electrode of
enhanced photoactivity in comparison with that of pure CdS.

2. Experimental

All electrochemical measurements reported in this paper
were performed by means of Autolab (EcoChemie, The Nether-
lands) in a three electrode cell with a platinum gauze counter
electrode, Ag/AgCl, CI™ (std., aq.) reference electrode and Au
working electrode. The Au substrate was polished to a mirror
finish with alumina slurry and washed in an ultrasonic bath.

Procedure of synthesis and characterisation 3,4-dioctyloxy-
thiophene (DOT) have been described elsewhere [13]. All other
chemicals, LiClO4 (Aldrich), Cd(ClO4), hydrate (Aldrich),
NaS-9H;0 (Aldrich) were used as received. Electrosynthe-
sis of the polymer was performed from the solution of 10 mM
DOT in acetonitrile (AN) (Aldrich, HPLC grade) containing
0.1 M LiClOy4 supporting electrolyte. Amount of the polymer
(in mol cm~2) deposited on the electrode was estimated from
the equation I = Qredox/zF, Where QOredox 18 the redox charge of
the polymer during cycling between 0.3 and 0.9 V in the solution
of 0.1 M LiCIO4/AN, z is a number of electrons involved in the
redox reaction of one monomer unit (z=0.3) and F is a Faraday
constant. The estimations were not based on the polymerization
charge because of some charge loses due to formation of soluble
oligomers [13].

Electrodeposition of Cd was carried out from acetonitrile
containing 0.1 M Cd(ClO4); + 0.1 M LiClO4. All solutions were
thoroughly deaerated by purging with dry argon for 15 min prior
the experiments.

The UV-vis spectra were done using a double-beam UV/vis
spectrometer (Lambda 12, Perkin-Elmer). The PDOT, CdS
and PDOT/CdS for spectrophotometric measurements were
deposited on ITO (indium-tin oxide)/glass electrodes (Balzers,
Lichtenstein) with an area of about 2.5 cm?. The spectra were
obtained for dry electrodes.

A nanoscope III (Digital Instruments, USA) was used for
imaging the surfaces of the samples studied. The samples were
prepared on Au substrate with an area of 0.86 cm?. AFM images
in tapping mode were obtained with standard phosphorous n-
doped Si cantilevers of 10 nm tip radius.

Energy dispersive X-ray spectra (EDS) were obtained by
means of scanning electron microscope (LEO 435VP) equipped
with a Roentec EDX analyser (model M1). Quoted elemental
ratios are the mean of six values acquired by probing the film in
different locations.

Photoelectrochemical experiments were carried out in the
three electrode cell with a Pt counter electrode, Ag/AgCl, C1~
(std.) reference electrode and Au/CdS or Au/PDOT-CdS work-
ing electrode in deaerated aqueous solution of 0.1 M Na;S,
prepared from deionised water (>18 m€2). The working elec-
trodes were illuminated by 450 W arc xenon lamp (Oriel). The
incident power flux was passing through a 18 cm water filter. The

light intensity was measured with IL 1700 Research Radiometer,
(International Light, USA).

The efficiency of conversion of light energy to electric energy
(power efficiency) was measured in a two electrode system,
Au/CdS-PDOT/0.1 M Na,S/Pt with a variable resistance in
series in the external circuit. The solution was deoxygenated
with argon prior the experiments.

3. Results and discussion

3.1. Electrochemical behavior of Au/PDOT electrodes in
aqueous solutions of 0.1 M LiClO4 and in 0.1 M NaS

Poly(3,4-dioctyloxythiophene) (PDOT) was deposited on Au
electrode from acetonitrile solution of 10 mM monomer + 0.1 M
LiClO4 by cycling within the potential range from 0 to 1.34 V
at the scan rate 100mV s~!. Exemplary electropolymerization
curves are presented in Fig. 1.

As visible in the inset in Fig. 1, the PDOT is electroactive
not only in acetonitrile (as most of polythiophenes) but also in
aqueous solution, owing to the presence of oxygen in the side
groups [13]. This feature is promising in respect of application
of this class of the polymers in the polymer/CdS composites.

Since the photodissolution of CdS is quenched in aqueous
solution of NayS [14], the stability of PDOT in this medium is
also required. To check it and establish the most suitable poten-
tial range for further electrochemical studies, the Au/PDOT
electrode was studied in deoxygenated solutions of 0.1 M Na,S
in two different potential ranges: from —1.0 to —0.3 V (Fig. 2a)
and from —1.0 to 0.9V (Fig. 2b). For comparison, the simi-
lar experiments were performed in 0.1 M Na,S on a bare Au
electrode. After 10 scans in each potential range the Au/PDOT
electrode was transferred back into 0.1 M LiClO4/AN and cycled
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Fig. 1. Cyclic voltammograms for electropolymerization of DOT on Au elec-
trode from the solution of 0.01 M DOT + 0.1 M LiClO4/AN. Inset: stabilized
cyclic voltammograms of PDOT in the monomer-free solutions 0.1 M LiClO4
in AN (curve 1) and H,O (curve 2); curve 3 corresponds to CV obtained again
in AN after studies in aqueous solution.
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Fig. 2. (a) Cyclic voltammograms of Au (curve 1) and Au/PDOT (curve 2) electrodes in aqueous solution of 0.1 M Na;S in the potential range from —1.0 to —0.3 V.
Inset: comparison of CVs at Au in two different potential ranges: from —1.0 to —0.3 V (curve A) and —1.0 to 0.9 V (curve B); (b) cyclic voltammograms of Au
(curve 1) and Au/PDOT (curve 2) electrodes in 0.1 M Na,S in the potential range from —1.0 to 0.9 V; inset: subsequent CVs at Au/PDOT electrode; (c) comparison
of the cyclic voltammograms in 0.1 M LiC1O4/AN for the fresh Au/PDOT electrode (curve 1) and after 10 cycles in 0.1 M Na;S in the potential range from —1.0 to

—0.3V (curve 2) and in the range from —1.0 to 0.9 V (curve 3).

in the same range as before the treatment in the sulfides (Fig. 2¢)
to monitor the changes in the polymer electroactivity.

A pair of oxidation and reduction peaks, located respec-
tively at —0.86 and —0.91V, obtained during polarization of
Au electrode in the potential range from —1.0 to —0.3 V (curve
1 in Fig. 2a) results from redox reaction of adsorbed SH™ ions
[15,16]:

Au—(SH )ads <> Au-Sggs +HT +2¢ €))

where the subscript ads refers to the adsorbed species.

Deposition of 4 nmol cm~2 PDOT on Au electrode does not
eliminate these peaks but only leads to some decrease of their
intensity (curve 2 in Fig. 2a). This suggests that the polymer did
not cover the whole substrate and SH™ ions are still adsorbed
on Au. As visible in Fig. 2c, the cycling of the polymer in
Na,S between —1.0 and —0.3 V did not change the polymer
electroactivity in acetonitrile solution (cf. curves 1 and 2).

Extension of the polarization range of Au electrode to 0.9V
leads to the appearance of an anodic peak at —0.24 V (inset in
Fig. 2a, peak B), related to oxidation of sulfides to sulfur and
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polysulfides [15-18]:
(Au-S) +xHS™ + xOH™ — (Au-S)S, +xH;O + 2xe 2)

(Au-S)Sy + SH™ + OH™ — (Au-S)Sy_» + Sp412~ + H,0
3)

where and x > n.
During the reverse scan the reduction of sulfur species occurs
in two steps:

(Au-S)S; + 2e — (Au=S)S,>~ 4)
(Au=S)S,2~ 4+ 2(x — 1)e — Au-S + xS>~ 5)

giving rise to two cathodic peaks (B’ and B”) at —0.65 and
—0.94 V.

As visible in Fig. 2b, two anodic peaks corresponding to
oxidation of sulfides are observed at the Au/PDOT electrode.
The first one at —0.24 V (peak B) corresponds to the reaction at
uncovered Au substrate, whereas the second one at 0.67 V (peak
C) to oxidation of sulfides at the polymer/solution interface, after
polymer transformation from insulating to conducting form.
Enormous height of the second peak in comparison with the first
one is likely due to developed surface area of the deposited poly-
mer. Decrease of the peak intensity in the subsequent scans (see
inset) suggests that the process is irreversible and the deposited
sulfur blocks the polymer surface leading also to decrease of
its electroactivity. This is evidenced by the change of the shape
of voltammogram of Au/PDOT after transferring back into AN
solution (see curve 3 in Fig. 2c¢).

The results presented above lead to the conclusion that the
anodic potential range in the studies of Au/PDOT-CdS hybrid
electrode in Na,S should limited to —0.3 V.

3.2. Deposition of Cd on polymer-modified electrode

The reduction and oxidation peaks of Cd/Cd** couple
at the bare Au electrode in acetonitrile solution of 5mM
Cd(ClO4)2 + 0.1 M LiCIO4 occur at —0.61 and —0.23 V, respec-
tively (Fig. 3, curve 1). One may expect that process of Cd
deposition/dissolution on the PDOT film should be hindered
because of low conductivity of the polymer in the range of neg-
ative potentials, in the range between p- and n-doping [19], and
dependent on the amount of the deposited polymer.

Polymerization of DOT was carried out according to
the standard procedure described above. Then, the polymer-
modified electrode was placed in acetonitrile solution of
5mM Cd(ClO4); + 0.1 M LiClO4 and cycled within the poten-
tial range: 0.1 V— —1.0V— 0.9V — 0.1V to investigate the
electrochemical behavior not only in the range of cadmium
deposition/dissolution but also in the zone of the polymer
electroactivity. The cyclic voltammograms obtained for the elec-
trodes covered with increasing amount of PDOT are presented in
Fig. 3. The data presented in the graph and in the Table 1 indicate
that the position of the reduction peak of Cd>* at PDOT-modified
electrode (peak A) shifts towards more negative potentials in

i/mA cm™
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Fig. 3. Cyclic voltammograms of Au electrodes covered with different amounts
PDOT, in the solution of 5SmM Cd(ClO4); +0.1 M LiClO4/AN in the poten-
tial range 0.1V— —1.0V—09V— 0.1V at the scan rate 100mVs~!.
The amount of the polymer deposited on Au was: (1) Onmolcm™2, (2)
17.5nmol cm~2, (3) 48 nmol cm™~2, (4) 76 nmol cm~2, (5) 122 nmol cm~2 and
(6) 161 nmol cm™2.

comparison to that on the bare Au electrode. However, for the
polymer coverage below 17.5nmol cm~? the shift is relatively
small (20mV) and the deposition charge of cadmium is close
to that obtained on the bare electrode. This is not surprising
because, as it was concluded above, some parts of the sub-
strate remained uncovered by the polymer and then Cd is mainly
deposited on the bare Au.

For the higher amounts of the polymer the reduction peak
shifts more strongly with complementary decrease of the depo-
sition charge, as expected for the deposition on a low-conducting
substrate. There is also a strong unbalance between reduction
and reoxidation charges under the peaks A and A’. At the same
time, an additional wave (A”) appears at the positive potentials
at the onset of the polymer oxidation (B). It corresponds to
dissolution Cd deposited on the polymer surface—the position
of peak (A”) shifts towards more positive potentials with the
increase of the polymer coverage (due to increase of the poly-
mer film resistance) and the charge under this peak is close to
the “missing” charge for cadmium reoxidation (Table 1). Some
charge unbalance still observed for polymer-covered electrode
may be due to hindrances in oxidation of Cd deposited on the
polymer surface and/or in the pores.

3.3. Formation of CdS and PDOT-CdS composites on the
electrodes

Formation of CdS was performed according to the modi-
fied electrochemical/chemical procedure developed by Penner
et al. for synthesis of semiconductor quantum dots [20]. Firstly
Cd was deposited on the bare electrode (Au, Pt or ITO) or
on the electrode covered with PDOT (deposited by the stan-
dard procedure) by a potential step from 0 to —0.74 V versus
Ag/AgCl/CI™ in the solution of 5 mM Cd(ClO4), in AN. The
amount of deposited cadmium was controlled by the reduction
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Table 1
The charge densities for deposition/dissolution of Cd on the bare Au electrode and Au covered with different amounts of PDOT
I'ppor (nmol cm™2) 0 2.7 17.5 48 76 122 161
For polarization from 0.1 to —1.0 and back to 0.1 V
Epe (V) —0.610 —0.622 —0.632 —0.630 —0.660 —0.678 —0.766
Qdep(ca) (MC cm™2) (A) 1.7 -7.8 —7.88 7.6 7.5 74 7.0
Quisscdy (mCem™2) (A) 7.3 6.5 6.1 5.5 3.7 2.8 1.6
For polarization: 0 V— —1.0V — 0.9V — 0V and subtraction of oxidation and reduction charges of the polymer
Qdep(cd) (mC cm™2) 7.62 7.57 7.67 7.66 7.6 7.4
Quiss(cdy (mCcm™2) 7.21 7.17 7.2 6.85 6.8 6.2

charge. Then, Cd was oxidized to Cd(OH), by immersion of the
electrode in aqueous solution of 0.1 M NaOH for several min-
utes. Finally, Cd(OH), was transformed into CdS by dipping
the electrode for several minutes in aqueous solution of 0.1 M
Na,S.

The transformation of Cd deposited on ITO or ITO/PDOT
into CdS was monitored by absorption optical spectra. After
each stage of transformation the ITO-modified substrate was
taken out from the solution and the spectrum was done in the air
within the wavelength from 1100 to 330 nm.

As visible in Fig. 4a, the spectrum after immersion of
ITO/Cd in NaOH remained nearly unchanged, whereas dipping
of ITO/Cd(OH); in Na;S led to the appearance of well developed
absorption peak at about 400 nm.

The spectrum of ITO covered with PDOT (Fig. 4b, curve 4),
with characteristic vibronic structure, is typical of the neutral
poly(3.,4-dialkoxythiophenes) [13]. The data were collected in
air but no increase of the absorption in the NIR range due to oxi-
dation of the polymer was observed. After deposition of Cd on
ITO/PDOT electrode and its transformation into CdS, an addi-
tional peak appeared (Fig. 4b, curve 3), similar to that visible in
the spectrum of ITO/CdS. Although it is difficult to determine
the absorption peak onset to estimate the value of band gap, it is
evidently above 510 nm. Thus, it means that the obtained CdS
particles are rather of submicron size with the bandgap close to
that of the bulk CdS, i.e. 2.4¢eV [21].
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The EDS spectra of CdS prepared by chemical transformation
of Cd, presented in Fig. 5, indicated that the CdS crystals are
cadmium rich with Cd/S ratio between 2.5 and 3. The peaks
at 3.13, 3.32, 3.52 and 3.72keV with the height ratio 8:4:2:1
correspond to Cd whereas these at 2.31 and 2.46eV (3:1) are
due to the presence of S.

This Cd:S ratio is similar to that obtained from XPS spectra
for CdS nanocrystals formed on HOPG by Penner et al. [22].

3.4. Photoeffects of PDOT/CdS composites in aqueous
solution of NasS

The electrodes for photoelectrochemical studies were pre-
pared on a gold substrate according to the standard procedures
described above, i.e. polymerization of DOT by cyclic voltam-
metry, deposition of Cd by a potential step to —0.74V and
chemical transformation of Cd into CdS. Au substrate is more
suitable than Pt because of better quality of ohmic contacts with
semiconducting CdS film due to formation of Au—Cd alloy [23].

In order to study the influence of the amount of each compo-
nent on the photoeffect, three electrodes with different amounts
of PDOT and CdS were prepared, as indicated in Table 2. For
comparison, the electrodes covered with only one component,
PDOT or CdS were also formed.

Photoelectrochemical measurements were carried out in
deoxygenated aqueous solution of 0.1 M Na;S. In the presence
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Fig. 4. Visible spectra obtained for: (a) ITO/Cd and (b) ITO/PDOT/Cd before (curves 1) and after (curves 2) treatment in 0.1 M NaOH. Curve 3 denotes the spectra
after transformation of Cd(OH); into CdS by dipping in Na,S; curve 4 in (b) corresponds to the spectrum of the neutral PDOT on ITO. All spectra were done for dry

samples in air.
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Fig. 5. EDS pattern of CdS deposited by electrochemical/chemical method on Pt.

of sulfides the holes generated in the semiconductor under illu-
mination participate in the process of oxidation of S~ to S
quenching photodissolution of CdS:

S2~ 4 2ht = S (6)

Howeyver, the sulfur does not accumulate on the electrode sur-
face but it is involved in the reaction with S?~ to formation of
polysulfides [24]:

S27 48— S,° (7
S24S > Spy12” 8)

The electrodes were firstly cycled in dark and then under illu-
mination. In all cases several cycles were done to stabilize the
dark and the photocurrent. The experiments performed on the
electrodes covered only with PDOT (PDOT4 and PDOT?20, see
Table 2) showed that no photocurrent was generated in polymer
film cycled in aqueous solution of 0.1 M Na,S in the potential
range from —1.0 to —0.4 V. The differences between photocur-
rent and dark current for the electrodes covered with about
4nmol cm~2 PDOT and two different amounts of CdS, 8 and
20nmol cm~2 are presented in Fig. 6a and b, respectively. The
same experiments were also carried out on the electrodes cov-

Table 2
The surface coverages of PDOT and Cd in the electrodes prepared for the
photoelectro-chemical studies

Electrode PDOT (nmol cm™2) Cd (nmol cm™2)
PDOT4CdS8 3.75 7.7
PDOT4CdS20 3.75 20
PDOT20CdS20 20 20

PDOT4 4 -

Cdss8 - 7.7

PDOT20 20 -

Cds20 - 20

ered with the same amount of CdS but without polymer. As
visible in Fig. 6a, the photoeffect obtained for the electrode
covered with 3.75nmolcm™2 PDOT and 7.7 nmol cm™2 CdS
(PDOT4CdS8) is the same as that registered for the electrode
decorated with the same amount of CdS but without polymer.
The situation is quite different at the higher surface coverage of
CdS (20 nmol cm—2) (Fig. 6b). The photocurrent is significantly
higher for the hybrid electrode PDOT4CdS20 than that for CdS
without polymer (CdS20) (cf. curves 1 and 2 in Fig. 6b).

On the other hand, the increase of the surface coverage of the
polymer to 20 nmol cm ™2 at the same amount of CdS leads to
more complicated behavior: at E< —0.8 V the photoactivity of
both electrodes is the same, whereas at the higher potentials the
photocurrent is higher for CdS without polymer (Fig. 6¢). Thus,
it is evident that the ratio I"'ppot/1 cgs is a crucial parameter for
photoelectrochemical properties of hybrid electrodes.

In order to explain this behavior the morphology of the elec-
trodes covered with different amounts of CdS and PDOT was
examined by means of AFM in tapping mode.

3.5. AFM images of Pt electrodes decorated with PDOT
and CdS

The AFM images were performed both for the Au substrate
covered with one of the components (PDOT or CdS) as well as
with polymer—semiconductor composites, prepared as described
above. The images were done for three different polymer surface
coverages (I7): 3, 10 and 17 nmol cm~2 and two amounts of Cd:
3 and 10 nmol cm ™2,

According to the literature, the size and monodispersity of
CdS structures obtained by E/C method is the same as metal
crystallites deposited in the electrochemical step due to particle-
by-particle conversion from metal to semiconductor [25].

As visible in Fig. 7a and b, at low coverages (between
2 and 3nmolcm™2) the substrate is decorated with spheri-
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Fig. 6. Comparison of the photoeffects (difference between photocurrent and a dark current) obtained for the electrodes: (a) PDOT4CdS8 (curve 1) and CdS8 (curve
2) (see description in Table 2), (b) PDOT4CdS20 (curve 1) CdS20 (curve 2) and (c) PDOT20CdS20 (curve 1) CdS20 (curve 2) during voltammetric cycles at the
scan rate 100mV s~ ! in the solution of 0.1 M Na,S. Curves 3 and 4 correspond, respectively, to the voltammograms obtained at the bare Au and Au covered with

corresponding amount of PDOT.

cal structures randomly distributed on the surface. The size
of PDOT particles is 150-240nm, being markedly greater
than the size of CdS grains, 40-50nm. A broad size distri-
bution of the polymer particles results from the method of
electrodeposition. During each voltammetric cycle the new
“nucleation” centers are formed, whereas the old ones are grow-
ing up. A general image of the substrate covered with CdS
obtained at low deposition charge is similar to that presented
by Gorer et al. [25] but a distribution of the particles is less
uniform and their size is about 10 times larger. This is due
to different electrodeposition conditions i.e. different substrate,
non-aqueous solvent, longer potential pulses and smaller over-
potential applied. However, the goal of our experiments was also
different and deposition of nano-sized CdS particles was not our
intention.

As visible in Fig. 7c, at the higher PDOT coverages the poly-
mer grains tend to coalescence forming the islands of dense,
three-dimensional aggregates of independent particles, which
finally start to cover the whole substrate. However, even at
I'=17nmolcm™2 some parts of the substrate remained still
uncovered (Fig. 7e), which is consistent with the conclusions
derived from the cyclic voltammograms obtained for deposi-
tion of Cd and oxidation of sulfides on the PDOT-modified
electrodes.

At the CdS coverage of 10 nmol cm 2, the surface is covered
with a uniform “layer” of independent particles and the size
distribution of CdS grains is still relatively narrow (60-80 nm)
(Fig. 7d). Thus, it seems that deposition of Cd occurs via instan-
taneous nucleation, as has been suggested by Gorer et al. [25].
According to the literature, the nearest neighbor distance of
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Fig. 7. AFM images for Au substrate covered with: (a) 2.8 nmol cm™2 of PDOT, (b) 2 nmol cm™2 of CdS, (¢) 10 nmol cm™2 of PDOT, (d) 10 nmol cm™2 of CdS and

(e) 17 nmol cm~2 of PDOT.

0.289 nm for hexagonal packed layer Cd gives a coverage of
2.16 nmolcm™2. The studies of underpotential Cd deposition
by means of EQCM on the polycrystalline Au from aqueous
solution of HClO4 gave even lower value of 1.4nmol cm™2
[26]. Thus, at I'=10nmolcm ™2 the surface should be cov-
ered with amount corresponding to about five monolayers
of Cd.

Now, having a picture of the PDOT and CdS deposits, one
can explain the differences in the photoeffects of hybrid elec-
trodes at various polymer and cadmium coverages. It should
be stressed however, that the images presented in Fig. 7 do
not reflect exactly the distribution of the particles on the
whole substrate of an area 0.86 cm?>—some parts were cov-
ered by more and other by less densely distributed particles.
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Fig. 8. Surface three-dimensional topography of the bare Au substrate (a); PDOT (4 nmol em~2) (b); CdS (10nmolcm~2) (c); PDOT-CAS hybrid electrode

(4nmol cm™2 PDOT and 10 nmol cm~2 Cd) (d).

Nevertheless, one can expect that at low amounts of both com-
ponents, the particles of PDOT and CdS probably exist on
the substrate independently and the polymer does not influ-
ence the photoeffect of CdS. At the higher amount of CdS
(PDOT4CdS20) both type of the species (polymer and semi-
conductor) are likely located in close proximity to one another.
Since the polymer and CdS have different electron affinity the
charge carriers generated in the semiconductor under illumi-
nation may be easily separated — the electrons are transported
to the metal substrate, whereas the holes are transferred to
the polymer and then may be consumed in the reaction with
S% from the solution. Accommodation of the holes by the
polymer results in significant inhibition of the electron—hole
recombination in the semiconductor and in the increase of the
photoeffect in comparison to that for CdS without polymer
(CdS20).

The arrangements of PDOT, CdS and both components in the
hybrid electrode are clearly illustrated in the three-dimensional
images presented in Fig. 8.

At the higher polymer coverages (PDOT20CdS20), the area
of uncovered Au is limited and Cd deposition takes place also on
the surface of PDOT. However, the relatively high resistivity of
the polymer in the range of negative potentials results in slowing
down the transport of the electrons from CdS to the metal contact
and therefore, the photocurrent is lower than that observed for
CdS without polymer.

3.6. Photovoltaic properties of the electrochemical cell
based on CdS—PDOT hybrid electrode

To determine the conversion efficiency of light energy to
electrical energy (power efficiency), n, the photoelectrochem-
ical cell was connected in series with a variable load resistance.
The current—potential curve was obtained for resistances rang-
ing from 20 M2 to 100 2. The measurements were performed
in dark and under illumination and the results were used to
determine the power characteristic of the cell.

The power efficiency, in percent, was calculated using the
equation:

1 (%) =

P,
7 % 100 )
P in

where Pax is a maximum power of the cell, whereas Pj, denotes
the power input (in our case 200 mW cm™2). The quality of the
cell was also determined by a fill factor, FF, defined as

FF — Imax Umax (10)
ISC UOC

where Inax and Upax are the photocurrent and photopotential

corresponding to the maximum power, Iy is a short-circuit cur-

rent, i.e. maximum photocurrent observed when the resistance

of the circuit between the cell terminals is zero (at zero photopo-

tential) whereas U, is the open-circuit potential corresponding
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Table 3

Photovoltaic properties of hybrid CdS—PDOT/0.1 M Na,S electrochemical cell
I (mAcm™?) 0.58

Uoe (V) 0.52

FF 0.51

Prnax(outy (mW) 0.03

n (%) 0.1

to zero photocurrent (when the external resistance is very large
(R — o0)).

The photovoltaic properties of the cell based on CdS-PDOT
hybrid electrode composed of 4nmolcm™> PDOT and
20 nmol cm~2 CdS are listed in Table 3.

The obtained photovoltaic parameters are lower than those
reported recently by Kang and Kim [27] (n=0.6%, FF =0.496,
Voo =0.858 V and Iy = 1.39 mA cm—2) for the system composed
of vertically aligned CdS nanorods in poly[2-methoxy-5-
(2'ethylhexoxy)-1,4-phenylene-vinylene (MEH-PPV). How-
ever, the electron transport in the aligned nanorods is remarkably
faster than that in the spherical structures obtained by electrode-
position. According to the literature [28,29], the enhancement of
solar energy conversion efficiency may be achieved by thermal
treatment of the hybrid system. This effect was attributed to reor-
ganization of the CdS nanocrystals/polymer interface leading to
an increase of exciton dissociation efficiency [29]. This raises
expectation that annealing should also improve the properties of
the CdS—-PDOT composite and our work will be continue in this
direction.

4. Conclusions

Au/poly(3,4-dioctyloxythiophene)-CdS hybrid electrodes
have been prepared by means of four-step electrochemi-
cal/chemical method. Au was firstly decorated with the polymer
by cyclic voltammetry and then, CdS was formed by potentio-
static deposition of Cd followed by its chemical transformation
into Cd(OH); in NaOH and finally to CdS by immersionin Na,S.
The CdS crystals obtained by this procedure are cadmium rich
with Cd/S ratio from 2.5 to 3.

CdS and PDOT are deposited in the form of hemispherical
structures dispersed on the substrate. Their size and density may
be easily controlled by the electrodeposition charge.

The amount of both components and the CdS:PDOT ratio
are crucial for photoelectroactivity of the hybrid electrodes in
aqueous solution of 0.1 M Na,S. In the most suitable conditions
the polymer structures adjacent to the semiconductor particles
play role of acceptors of the holes generated under illumination,
whereas the semiconductor transports the electrons to the metal
substrate. The charge separation results in significant inhibition
of the electron—hole recombination and enhancement of the pho-
toeffect. The photovoltaic device based on the spherical CdS
structures and electrochemically synthesized PDOT provided

energy conversion efficiency of 0.1%, open circuit voltage of
0.52 'V, short circuit photocurrent density of 0.58 mA cm~2 and
fill factor of 0.51. The improvement of these parameters can be
likely achieved by annealing of the hybrid electrode.
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