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Nanocomposites of polyaniline (PANI) and the semiconducting metal sulfides CdS and Cu2S were prepared

from the respective metal trifluoromethanesulfonates co-dissolved in N-methylpyrrolidone. Metal sulfide

particles with typical diameters of 1–2 nm formed in situ upon addition of Li2S; the nanocomposites were

subsequently isolated by co-precipitation. UV/VIS absorption spectra suggest that the PANI–CdS

nanocomposites are stable in the air, while PANI was found to degrade in the presence of Cu2S. Appreciable

photovoltaic effects were measured on multilayer devices based on Al/nanocomposite/Cd12xZnxO and Al/

nanocomposite/C60/Cd12xZnxO. In the absence of the C60 layer, both open circuit photovoltage (Uoc) and short

circuit photocurrent (Isc) were found to increase substantially with increasing CdS content, while in the

presence of a C60 layer, more complex behavior was observed.

Introduction

Polyaniline (PANI) is one of the most frequently investigated
(semi)conducting polymers for use in electronic applications.1,2

Its properties can be tailored, e.g., by changing the oxidation
state, the addition of appropriate additives, such as acids, or
through blending with other organic or inorganic semiconduc-
tors. Here, we focus on the incorporation of inorganic nanosize
semiconducting particles, which recently has been used as a
tool to create materials with novel electronic properties.3–8 In
contrast to reported materials that are comprised of large
particles, polymeric systems containing colloids with dimen-
sions below 50 nm exhibit reduced light scattering effects and,
thus, are attractive for optical applications. In addition, the
large internal interface area in nanocomposites enables an
efficient separation of photo-induced charges, which is
important for photovoltaic applications, and the number of
carrier traps caused by the so-called grain boundaries between
the particles and the matrix is reduced.9,10 It is therefore
expected that useful photoconducting nanocomposites can be
created by combination of PANI as a p-type semiconductor
and n-type semiconductor nanoparticles, such as CdS or
PbS. In fact, it already has been shown that nanocomposites of
PANI and PbS can operate as photovoltaic cells in which the
charges generated under illumination in the PbS colloids are
subsequently transported by the polymer.11 Composites of
PANI and TiO2 with an average particle size around 21 nm
also exhibit photoconductivity.12 Upon irradiation, electrons
are thought to be transferred from PANI to TiO2. Subse-
quently, the charges move to the respective electrodes.12

Unfortunately, options for the processing of PANI are
limited, since this polymer decomposes prior to melting and
is only soluble in a few solvents, such as strong acids and
N-methylpyrrolidone (NMP). This situation severely restricts
the synthetic routes for the preparation of PANI nanocompo-
sites. Most nanocomposites based on a PANI matrix have been
fabricated via in situ polymerization in an aqueous solution
containing the colloidal particles or their precursors.11,13–17

The inorganic colloids required for the preparation of
nanocomposites are typically prepared in situ, since inorganic

nanoparticles strongly agglomerate upon isolation. Metal
sulfide nanoparticles, which are of interest within the scope
of this report, are generally produced by reaction of the
respective metal ions with hydrogen sulfide or sodium sulfide
in aqueous solution,18–25 because common metal compounds
suitable for in situ synthesis of the particles are usually
insoluble in organic solvents. The modification of the surface of
inorganic particles with organic compounds dramatically
diminishes the specific surface energy. As a consequence,
such colloids can be isolated and the primary particles can be
redispersed in a broad range of solvents and, thus, can be
incorporated in a variety of polymers. Accordingly, nanocom-
posites of surface-modified c-Fe2O3 and polyaniline were
prepared by mixing these components in NMP;26 this
technique has also been used for the preparation of nano-
composites with CdS and polymers other than PANI.9,13,27–30

However, an organic surface layer may stifle charge transport
from the particle core to the polymer matrix or to neighboring
particles and, in addition, may change the particles’ electronic
characteristics.27 Thus, we set out to develop a new method for
the preparation of nanocomposites of PANI and semiconduct-
ing metal sulfides. We have chosen CdS as an n-type and Cu2S
as a p-type semiconductor. The new route is based on metal
trifluoromethanesulfonates as NMP-soluble precursors for the
in situ preparation of metal sulfides. Since ionic byproducts
stemming from the synthesis may influence the electrical
properties of the resulting materials, great care has been taken
to exclude them from the final products.

Experimental

Materials

PANI in its emeraldine base form was obtained from Neste Oy
Chemicals. C60 (content 99%) was received from the Kurchatov
Institute Physical Chemistry Synthesis Group. Cadmium
hydroxide hydrate [Cd(OH)2?xH2O], trifluoromethanesulfonic
acid, copper(II) trifluoromethanesulfonate [Cu(CF3SO3)2], and
lithium sulfide were purchased from Aldrich Chemical Co. or
Fluka, and N-methylpyrrolidone (NMP) was obtained from
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Sigma. Cadmium laurate is commercially available from
SATTVA Chemical Co. (Stamford, CT). All chemicals were
used as received, except PANI, which was dried under a
dynamic vacuum of 1023 mbar for 24 h prior to use.

Analyses

Metal contents were determined by atomic absorption spectro-
scopy by the analytical service of the Laboratory of Inorganic
Chemistry of ETH Zürich (for the Cd and Cu analysis of
nanocomposites, powders of the latter were dissolved in 0.1 M
HNO3 to yield ca. 5 ppm Cd or Cu in the solution). X-Ray
diffraction patterns of powders were taken with Cu-Ka
radiation (l~1.542 Å) using a Siemens D5400 diffractometer.
KBr pellets were used for FTIR absorption spectra, which were
recorded on a Bruker IFS 66v spectrometer. For electron
microscopy (EM) studies, composite samples were redispersed
in NMP solution, drops of which were placed onto carbon-
coated copper grids and dried at ca. 1023 mbar for 3 days;
EM images were obtained with a Philips EM 301 electron
microscope. UV/VIS absorption spectra were recorded on a
Perkin Elmer Lambda 900 instrument.

Synthesis of cadmium trifluoromethanesulfonate

Cadmium hydroxide hydrate (29.0 g, 0.16–0.17 mol) was
suspended in distilled water (200 mL). Trifluoromethanesulfo-
nic acid (50.0 g, 0.33 mol) was slowly added and the mixture
heated to 70 uC for 1 h. The pH of the solution was around 5.5
to 6.0, indicating that sufficient trifluoromethanesulfonic acid
had been added to neutralize the hydroxide ions released from
the cadmium hydroxide hydrate. After cooling to room
temperature (RT), the solvent was evaporated. The crude
product was dried under vacuum (ca. 1023 mbar) for 12 h,
dissolved in ethanol (750 mL), and the solution filtered through
Celite. The solvent was evaporated, and the residue was
dissolved in a mixture of toluene (750 mL) and ethanol (85 mL)
at 70 uC. Thereafter, the resulting solution was cooled to ca.
4 uC. After 24 h, white crystals appeared, which were collected
by filtration and dried under vacuum (ca. 1023 mbar) for 24 h,
yielding 37.0 g (0.090 mol, ca. 55%) of Cd(CF3SO3)2. Analysis:
C found 5.87, expected 5.85%; H and N below detection limit.

Synthesis of PANI–CdS nanocomposites

Nanocomposites of CdS and PANI were prepared from
solutions with different CdS/PANI weight ratios (rCd, calcu-
lated on the basis of quantitative conversion of cadmium
trifluoromethanesulfonate to CdS) ranging from 0.2 to 5. As an
example, the detailed preparation procedure for a material
prepared from a solution with rCd ~2.0 is given; all other
composites were synthesized in analogy by variation of the
Cd(CF3SO3)2 and, concomitantly, Li2S content (Table 1).
Thus, for the material with rCd ~2.0, PANI (1.50 g) was
dissolved in NMP (50 mL) and the solution was stirred for
24 h, filtered, and used as a stock solution. An aliquot of the
latter (4.2 mL, containing 126 mg PANI) and a solution of
cadmium trifluoromethanesulfonate (716.1 mg, 1.74 mmol) in
NMP (5 mL) were mixed. To the resulting solution, a solution
of lithium sulfide (80.2 mg, 1.75 mmol) in NMP (10 mL) was
rapidly added under vigorous stirring; and the color of the
initially deep blue solution immediately turned green. The
subsequent addition of ethanol (200 mL) caused a solid to
precipitate, which was filtered off. A fraction of this precipitate
was dried at ca. 1023 mbar for 24 h and analyzed (Table 1;
fluorine and lithium contents were below the detection limit of
0.1%). For the preparation of films, the remaining undried
precipitate was dissolved in NMP to yield a solution which
contained about 2% w/w PANI. Films of about 2 mm (for
UV/VIS absorption measurements) and about 100 mm in
thickness (for photovoltaic measurements) were prepared by

casting the metal sulfide–PANI mixtures, which were filtered
through a Teflon1 filter (0.2 mm pore diameter), on the desired
substrate (vide infra) and subsequently dried under a vacuum of
4 mbar at 40 uC for 1–3 days. Film thicknesses were measured
with a Tencor Alpha Step 200 profilometer.

Preparation of tetrakis(acetonitrile)copper(I)
trifluoromethanesulfonate

[Cu(CH3CN)4]CF3SO3 was prepared from commercially avail-
able Cu(CF3SO3)2 (Fluka) according to a previously pub-
lished procedure.31 The white [Cu(CH3CN)4]CF3SO3 crystals
obtained were stored under acetonitrile prior to use, since they
are known to slowly oxidize in the dry state when exposed
to air.31

Preparation of PANI–Cu2S nanocomposites

Cu2S–PANI nanocomposites were obtained in analogy to
the CdS–PANI nanocomposites described above, but using
[Cu(CH3CN)4]CF3SO3 instead of Cd(CF3SO3)2. Analytical
data of the chemical compositions of the copper-based
nanocomposites are given in Table 1; fluorine and lithium
contents were below the detection limits of 0.1%.

Photovoltaic experiments

For photovoltaic experiments, nanocomposite or neat PANI
films with thicknesses of ca. 100 mm were prepared according
to the above procedures on glass substrates, onto which an
aluminium electrode had been thermally evaporated. On top
of the PANI–CdS films, a Cd12xZnxO electrode was depo-
sited by magnetron sputtering of a cadmium target (to which
10% w/w zinc was added as a dopant) in the presence of N2

and O2. In some cases, an additional intermediate layer (ca.
50 nm) of C60 was introduced by thermal evaporation at a
temperature of ca. 400 uC between the semiconducting polymer
and the Cd12xZnxO electrode. I–V curves of such devices were
measured in the dark and under the illumination of a tungsten–
halogen lamp with an incident power of 100 mW cm22.

Table 1 Analytical data for selected CdS–PANI and Cu2S–PANI
nanocomposites obtained by co-precipitation from NMP solutions
containing different CdS/PANI (rCd) and Cu2S/PANI (rCu) ratios,
respectively. C, H, and N contents were obtained from organic
elemental analysis and metal contents by atomic absorption spectro-
scopy. Metal sulfide contents were calculated from the metal contents
(for details, see text). Note that some NMP remained in the composites,
and that the carbon and nitrogen contents reflect the lower limit of
these elements, since the combustion of PANI appears to be incomplete
under the conditions applied here. Hence, the metal contents were used
for the calculation of the weight and volume fractions of metal sulfides

CdS–PANI
rCd~0.18 rCd~2.0 rCd~3.1

C (% w/w) 61.79 27.28 21.18
H (% w/w) 5.54 2.98 2.76
N (% w/w) 12.66 5.40 4.59
Cd (% w/w) 12.4 46.5 49.8
CdS (% w/w) 16.0 59.7 64.0
CdS (% v/v) 3.8 24 27

Cu2S–PANI
rCu~0.23 rCu~1.4 rCu~2.3

C (% w/w) 56.00 32.16 29.11
H (% w/w) 5.55 3.66 3.80
N (% w/w) 11.55 6.36 5.09
Cu (% w/w) 13.6 33.6 42.2
Cu2S (% w/w) 17.0 42.0 52.8
Cu2S (% v/v) 3.5 11 17
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Results and discussion

Preparation of CdS–PANI systems

The preparation of nanocomposites based on PANI in its
emeraldine base (EB) state was accomplished in N-methyl-
pyrrolidone, one of the few conventional, non-acidic solvents
for PANI. Although commercially available cadmium salts
such as cadmium 2,4-pentanedionate (cadmium acetylaceto-
nate) and cadmium laurate exhibit insufficient solubility in
NMP under the conditions applied here, cadmium trifluor-
omethanesulfonate was found to be a suitable, NMP-soluble
starting compound for the in situ preparation of CdS. Cadmium
trifluoromethanesulfonate was prepared from cadmium hydro-
xide hydrate and was further converted to CdS with Li2S in
NMP solution in the presence of PANI (Scheme 1). H2S could
also be used instead of Li2S, however, handling H2S is not
particularly appealing and, in addition, CF3SO3H would arise
as an undesirable byproduct.

Solutions containing in situ-prepared CdS and PANI in
NMP with CdS/PANI weight ratios (rCd) between 0.05 and 4.7
show two distinctive absorption bands in their UV/VIS spectra
with maxima at 340 and 637 nm, which coincide with those of
neat PANI.32–34 With increasing CdS/PANI ratio, however, the
peak centered around 340 nm becomes substantially broad-
ened, since the absorption of colloidal CdS18,35 overlaps with
that of PANI. At 637 nm, the absorption of CdS nanoparticles
is negligible, even at the highest CdS/PANI ratios investigated
here36 and, consequently, the peak at 637 nm was not affected
significantly by the presence of CdS in freshly prepared
solutions. We should, however, note that a hypsochromic
shift was observed for CdS–PANI solutions which were stored
for several days in ambient light or in the dark. For example,
the absorption maximum of a sample with rCd~2.0 shifted by
ca. 30 nm during 7 days exposure to ambient light. The shifts
were similar for samples kept in ambient light or in the dark
and were more pronounced for higher CdS/PANI ratios,
indicating a slow degradation process in solution.

Nanocomposites were isolated from the above discussed
CdS–PANI solutions by co-precipitation with ethanol. Gratify-
ingly, the side product of the reaction, CF3SO3Li, is soluble in
the resulting solvent mixture and, thus, its concentration in the
nanocomposites was below the detection limit (see Experi-
mental section). After filtering off the nanocomposites, the
filtrate was colorless or only slightly blue (in particular for low
CdS/PANI ratios), indicating that PANI precipitated essen-
tially quantitatively. The colloidal CdS did not precipitate
completely under the conditions applied here; 6 and 7%,
respectively, remained in solution when nanocomposites with
3.8 and 27% v/v CdS (see Table 1, rCd~0.18 and 3.1) were
prepared, as determined by atomic absorption spectroscopy
(AAS). Based on the Cd content determined by AAS and the
densities of CdS (4.82 g cm23 37) and the organic matrix
(approximated to 1 g cm23), we estimate the volume contents
of CdS in the above samples to about 4 and 27%, respectively.
It should be noted in this context that PANI samples prepared
from NMP solutions always contain a considerable amount of
NMP, which cannot be removed simply by heating or drying in
vacuum.38 As a consequence, all nanocomposites prepared here
contain some remaining solvent, as evident from infrared (IR)
spectra. A signal appeared at 1664 cm21, in the CLO stretching
region, which was absent in PANI before NMP exposure but
corresponds rather well to the peak at 1682 cm21 in neat NMP.

X-Ray diffraction (XRD) patterns of CdS–PANI powders

show broad peaks at 2h values of 27 and ca. 47u with a shoulder
around 53u, which are in good agreement with the previously
reported patterns of other nanocomposites containing CdS.20

These signals have been attributed to the (111), (220) and (311)
planes of CdS.20 An additional signal at 2h~25u in the pattern
of the PANI–CdS nanocomposites, which overlaps with the
peak at 27u, is assigned to the PANI matrix, since a signal
at this position is also visible in XRD patterns of neat
PANI. The CdS particle diameters, as estimated with the
Scherrer equation from the line width in the XRD patterns,39

are in the range 1–2 nm for all nanocomposites prepared in this
work. This dimension is consistent with the fact that the
particles could hardly be detected by transmission electron
microscopy (TEM).

In order to prepare nanocomposite films, freshly precipi-
tated, undried CdS–PANI nanocomposite powder was redis-
solved in NMP and films with thicknesses of 2 and 100 mm were
produced by solution casting. The maxima in the UV/VIS
absorption spectra of these films did not significantly differ
from those of the freshly prepared solutions and of pure PANI
films (Fig. 1); gratifyingly, the above-mentioned change in
the optical absorption characteristics with time, observed in
solution upon storage, were not distinctly observed in the solid
state; PANI–CdS nanocomposites were found to be stable in
air for a period of a few days at least. Since the optical
absorption of PANI in the composite films was not appreciably
affected by the presence of CdS colloids, we conclude that
ground state charge-transfer interactions between the polymer
and the nanoparticles are negligible.

Preparation of Cu2S–PANI systems

Nanocomposites of Cu2S and PANI were prepared
analogously to the CdS–PANI nanocomposites described
above. The Cu2S colloids were synthesized in situ using
[Cu(CH3CN)4]CF3SO3 as an NMP-soluble copper(I) salt,
which was produced according to the reaction shown in
Scheme 2. Cu2S colloids were produced by addition of Li2S
to [Cu(CH3CN)4]CF3SO3 in an NMP solution of PANI.
Interestingly, we observed that PANI stabilized the Cu2S
colloids in the NMP solution; Cu2S was found to slowly
precipitate in the absence of PANI.

UV/VIS absorption spectra of Cu2S–PANI solutions in
NMP showed that the absorption maximum in the visible
wavelength range of the emeraldine base was shifted to shorter

Scheme 1 Synthesis of CdS.

Fig. 1 UV/VIS absorption spectra of a neat PANI film (solid line) and
a PANI–CdS nanocomposite film (dotted line) containing 27% v/v
CdS.

Scheme 2 Synthesis of Cu2S.
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wavelengths (see Fig. 2). In a freshly prepared solution, the
absorption maximum in the presence of Cu2S appeared at
592 nm (at a Cu2S/PANI weight ratio, rCu, of 0.23) compared
to 637 nm for the pristine PANI solution. As a consequence,
the color of the originally blue PANI solutions changed to
purple. The shift in the absorption maximum became more
pronounced after 24 h (Fig. 2), when the absorption maximum
decreased to 542 nm, indicating that the Cu2S–PANI solutions
investigated here also exhibit limited stability.

As in the case of the CdS–PANI nanocomposites, Cu2S–
PANI nanocomposites were obtained by co-precipitation upon
addition of ethanol to the NMP solutions. Nanocomposites
with Cu2S contents of 17.0, 42.0 and 52.8% w/w were produced
(Table 1), corresponding to 3.5, 11, and 17% v/v, respectively,
assuming a density for Cu2S of 5.6 g cm23.37 A slightly purple
or blue color in the filtered solution indicated that the com-
ponents did not precipitate quantitatively. After precipitation
and filtration of a nanocomposite containing, e.g., 17.0% w/w
Cu2S, around 2% of the originally used Cu2S remained in the
filtrate, as measured by AAS. For these materials as well, IR
spectra indicated the presence of NMP. The characteristic
XRD peaks of Cu2S, reported at 2h values of 22, 25 and 38u,40

were also found in the CuS–PANI samples; however, these
peaks appeared extremely broad, suggesting Cu2S diameters of
below 2 nm, in agreement with TEM images, where the
particles are not unambiguously resolved. A much sharper
signal at 2h~25u is attributed to PANI (vide supra).

Similar to the behavior in solution, the absorption
characteristics in the solid nanocomposite films dramatically
altered with time in the presence of Cu2S, which caused an
irreversible decomposition of the material. The absorption
maximum of the band initially centered around 637 nm shifted
to 540 nm in ambient atmosphere within 10 h, as shown in
Fig. 3 for the example of a nanocomposite with 17.0% w/w
Cu2S; materials with higher Cu2S contents exhibited essentially
similar behavior. Thus, while Cu2S–PANI nanocomposites can
indeed be successfully prepared with the methodology
introduced here, these materials seem to be of limited use for
practical applications due to their restricted stability.

Photovoltaic characteristics

Preliminary investigations on the photovoltaic characteristics
of the new CdS–PANI nanocomposites were conducted on
devices consisting of an Al cathode that was deposited on glass
by evaporation, a solution-cast nanocomposite layer of ca.
100 mm thickness and a semi-transparent Cd12xZnxO anode. In
addition, we investigated devices that also contained a thin

layer of C60 between the nanocomposite and the Cd12xZnxO
contact.

The I–V curves of devices containing the 27% v/v CdS/PANI
composite measured under illumination and in the dark are
shown in Fig. 4. For comparison, we have also included in
Fig. 4 the data of a reference device with neat PANI. While in
case of the latter structure the I–V curves reflect only a small
rectification, introduction of CdS nanoparticles led to devices
which exhibit a pronounced rectifying behavior in the absence
of C60, as is evident from Fig. 4. The dependencies of the open

Fig. 2 UV/VIS absorption spectra in NMP of PANI (solid line), a
freshly prepared solution of Cu2S and PANI (rCu~0.23) (dashed line),
and the same solution after storing for 24 h (dotted line).

Fig. 3 Maximum of the UV/VIS absorption band (lmax) of a Cu2S–
PANI nanocomposite film (rCu~0.23) as a function of time. The line is
an arbitrary guide for the eye.

Fig. 4 Current–voltage (I–V) curves of Al/nanocomposite/Cd12xZnxO
(filled symbols) and Al/nanocomposite/C60/Cd12xZnxO (open symbols)
photovoltaic cells based on (a) neat and (b) 27% v/v CdS-containing
polyaniline films. Data were recorded in the dark (squares) and under
illumination (circles) of the devices using a tungsten–halogen lamp with
an incident radiation power of 100 mW cm22.
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circuit voltage, Uoc, and the short circuit current, Isc, of the
Al/nanocomposite/Cd12xZnxO and Al/nanocomposite/C60/
Cd12xZnxO structures on the CdS concentration are presented
in Table 2. In the case of the Al/nanocomposite/Cd12xZnxO
devices, high CdS concentrations caused a significant increase
in both Uoc and Isc with increasing CdS content. For the
nanocomposite with 27% v/v CdS, appreciable Uoc and Isc

values of 2295 mV and 21.1861027 A cm22, respectively,
were found. This behavior reflects efficient charge separation of
the photogenerated charge carriers at the CdS–PANI interface.
The photogenerated holes become mobile and can be
transported to the anode through the polymer layer. The Al–
nanocomposite interface represents a Schottky barrier, which
apparently is lowered with increasing CdS concentration,
leading to the observed increase in photocurrent.

A significant charge separation and, concomitantly, appreci-
able values for Uoc and Isc were also observed at low CdS
concentrations in Al/nanocomposite/C60/Cd12xZnxO struc-
tures, but with the opposite sign for Uoc (Table 2). In this
case, increasing the CdS concentration to 27% v/v caused a
substantial reduction of the short circuit current. The C60 layer
is characterized by a high electron affinity6 and, obviously,
introduces an additional Schottky barrier which renders the
dependency of Uoc and Isc on the CdS content more complex.
The two Schottky barriers in this system rectify in opposite
directions and, as a consequence, partially compensate each
other. As the data reflect, the extent of the compensation and
the resulting net photocurrent effect strongly depend on the
CdS concentration.

Conclusions

In summary, we have shown that nanocomposites of polyani-
line and inorganic semiconductors can readily be prepared
from PANI solutions in NMP which contain metal trifluoro-
methanesulfonates as NMP-soluble precursors. The latter
easily react with Li2S to form colloidal metal sulfides. As
first examples, materials were prepared with CdS or Cu2S
particles of diameters in the range 1–2 nm. The nanocompo-
sites with CdS seem to be reasonably stable under ambient
conditions and exhibit photovoltaic effects. In contrast,
nanocomposites containing Cu2S degraded and are, therefore,
of limited practical use.
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Table 2 Dependencies of open circuit photovoltage (Uoc) and short
circuit photocurrent (Isc) of Al/nanocomposite/Cd12xZnxO (filled
symbols) and Al/nanocomposite/C60/Cd12xZnxO (open symbols)
photovoltaic devices on the CdS nanoparticle concentration. Data
were recorded under illumination of the devices using a tungsten–
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CdS content (% v/v)

Without C60 With C60

Uoc/mV Isc/nA cm22 Uoc/mV Isc/nA cm22

0 254 227 202 40
3.8 244 222 74 322

24 2112 285 90 89
27 2297 2118 117 11
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