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From Single-Molecule Precursors to Coupled Ag2S/TiO2 Nanocomposites
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A single-source approach using mild temperatures was ap-
plied to prepare morphological well-defined and coupled
TiO2/metal–sulfide nanocomposites. Metal N-alkyldithiocar-
bamates were used as the precursors to the metal–sulfide
nanophases and, in particular, Ag2S nanostructures were in-
vestigated in more detail. These were observed as nano-
islands at the surface of TiO2 (anatase) particles, which were
used as substrates. To explain the formation of these nano-
composite particulates, a tentative mechanism has been pro-

Introduction
In recent years, the rational design of functional materi-

als using moderate reaction conditions has been a general
trend in materials chemistry.[1] In fact, this corresponds to
a new paradigm in materials science in which, depending
on the applications of the materials, their final properties
can be tailored from the synthesis. In this sense, controlling
the morphology of particulates appears to be obvious
requirement to control size-dependent functionalities. A
clear example of this trend is the high degree of control
over the optical properties of semiconductor nanocrystals
whose unique size-dependent behaviour can be tuned dur-
ing the synthesis. Applications which rely on the size tun-
ability of semiconductor nanocrystals have already been de-
veloped, such as in photoluminescent biotags and electrolu-
minescence devices.[1]

Another important application envisaged for semicon-
ducting nanoparticles is their use in photocatalytic pro-
cesses with relevance for environmental decontamination.[2]

The most investigated systems rely on TiO2 photocatalysts,
that can be coupled to a visible sensitizer which may be a
metal complex, a dye or a second semiconducting nano-
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posed which involves the controlled release of sulfide ions
from an intermediate coordination compound. Because the
growth of the metal sulfide can be controlled at the surface
of a photoactive substrate, we anticipate the potential of this
synthetic method to chemical design reasonable amounts of
semiconductor-sensitized TiO2, such as Ag2S/TiO2 nanocom-
posites.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

phase.[3] Although less investigated, the use of nanosized
particles as sensitizers shows advantages such as bandgap
tuning for efficient light absorption and the ability for sur-
face modification to avoid photocorrosion processes. For
example, semiconductor nanocrystals absorbing in the vis-
ible region of the spectrum can promote the photocatalytic
efficiency of TiO2 photocatalysts by allowing efficient solar
radiation harvesting. While considerable progress has been
made in coupling nanoparticles of metal chalcogenides and
metals with silica shells,[4] comparatively less has been done
in coupling two semiconducting nanophases.[5] Examples of
contributions in this field include the preparation of TiO2-
based nanocomposites containing either CdSe, Se, CdS,
Bi2S3, Ag2S, Ge or In2O3.[6] For the preparation of such
nanocomposites, a range of colloidal methods have been
used, but there is still a lack of synthetic strategies to pro-
duce reasonable quantities of pure nanocomposites which
allow, simultaneously, the design of their final morphologi-
cal characteristics. This led us to undertake the research re-
ported here, in which TiO2 submicrometric particles were
mainly used as substrates because of their relevance in pho-
tocatalytic applications.

The use of single-molecule precursors to grow semicon-
ducting thin films is well established.[7] In the last decade,
this approach has also been investigated to synthesize a
wide range of semiconductor nanocrystals.[8] In general,
these methods involve the thermal decomposition of single-
molecule precursors in a hot coordinating solvent.[8] More
recently, we have shown that single-molecule precursors
such as cadmium/zinc dithio- or selenocarbamates can also
be used to modify the surface of silica particles with the
respective metal chalcogenide.[9] The possibility of growing
islands of a semiconducting nanophase of varying morpho-
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logies at the silica surfaces is a striking feature of this
method. The resulting coupled particles seem especially
interesting for exploiting the synergy between the surface
reactivity of the substrate, associated with the unique op-
tical properties of the deposited semiconductor nanocrys-
tals. It will be shown here that this approach gives us a
convenient method to produce large amounts of several
coupled metal chalcogenide/TiO2. In this work the focus is
on TiO2/Ag2S nanocomposites. Moreover, a tentative
mechanism that can explain the formation of metal–sulfide
phases using such an approach will be discussed here for
the first time.

Results and Discussion

Metal–dithiocarbamate complexes in the presence of ali-
phatic amines yield the respective metal sulfide when sub-
jected to moderate heating. In the presence of inorganic
substrates, such as TiO2 or SiO2 particles, the metal–sulfide
phase grows at the particles’ surfaces.[9] As will be discussed
later, this probably involves an intermediate metal com-
plex[10] which then decomposes into metal sulfide. In the
current work, this method was investigated to grow Ag2S
nanophases at the surface of synthetic TiO2 (anatase) sub-
micrometric particles. These TiO2 particles were prepared
by the hydrolysis of titanium(IV) ethoxide in ethanol fol-
lowed by a calcination step to obtain TiO2 particles. The
average diameter of the particles was varied within the size
range 100–600 nm by adjusting the chemical composition
of the reaction mixture (see Experimental Section). Al-
though rutile is the thermodynamically stable crystalline
phase for TiO2, anatase is very common at room tempera-
ture in fine divided powders, such as in pigments. Figure 1
contains representative SEM images showing the mor-
phology of Ag2S/TiO2 nanocomposites. For comparison, a
SEM image of the original TiO2 particles is also shown.

The TiO2 powders were dispersed in acetone without be-
ing submitted to any type of chemical surface modification.
Figure 1 shows that in these conditions the TiO2 surfaces
become covered with a polycrystalline material which we
assign to Ag2S, as expected from the degradation of the
metal N-alkyldithiocarbamate used. Thus, Figure 2 shows
that this nanocomposite contains TiO2 (anatase) and α-
Ag2S (acanthite) as the predominant crystalline phases.
Moreover, these nanocomposite particles were further ana-
lysed by EDX which showed the expected peaks for Ag and
S, as well as the peak of Ti due to TiO2. For the several
samples analysed, there was no observation of strong and
single S peaks that could be assigned to elemental sulfur.
This was also confirmed by XPS analysis of the nanocom-
posites, which showed only one S environment as a single
doublet corresponding to S 2p3/2 and S 2p1/2 of sulfide
species (see Supporting Information).[11]

The visible reflectance spectra of the nanocomposites re-
corded at different reaction times show an optical redshift
in the absorption edge as the reaction proceeds, which is
consistent with a growing process for nanocrystalline semi-
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Figure 1. SEM images of TiO2 (a) and TiO2/Ag2S (b) nanocompo-
sites obtained for a reaction time of 8 h.

Figure 2. Powder XRD patterns for Ag2S/TiO2 nanocomposites (o:
anatase; *: acanthite).

conductors.[9] This trend is illustrated in Figure 3a for the
TiO2/Ag2S nanocomposite. For silica-supported semi-
conductors (e.g., SiO2/CdS), a blueshift of the typical
bandgap energy was also interpreted in terms of an elec-
tronic semiconductor-support interaction (SEMSI).[12] De-
spite some similarities of the systems reported here and
those reported in the literature,[12] in the latter, the semicon-
ductor nanophases were precipitated directly by adding sul-
fide to CdII-loaded SiO2 particles. Hence, composites with
distinct morphological characteristics and also with bigger
average diameters were obtained compared with the nano-
materials reported here. Moreover, we observed blueshifts
of the bandgap energy of nanocrystalline semiconductors
(e.g., CdS and CdSe) deposited on substrates quite distinct
from SiO2 or TiO2, such as reticulated polystyrene beads.



T. Trindade et al.FULL PAPER
Although a SEMSI contribution in the systems reported
here is an open issue, we interpret the optical spectra in
Figure 3 (part a) as caused by the presence of quantum-
sized Ag2S that for increasing reaction times grows into
larger particles. Also note the decrease of reflectance in the
visible region with increasing reaction times, which con-
firms the growth of the metal–sulfide nanophase since less
surface area of TiO2 is available for reflectance of visible
light. Part b of Figure 3 shows the absorption spectra for
the optically clear supernatant solutions, for the same reac-
tion times, showing no spectral features that could be as-
signed to Ag2S nanoparticles, as will be discussed later.

Figure 3. Optical spectra of samples collected at distinct reaction
times: a) Kubelka–Munk spectra of the TiO2/Ag2S solid nanocom-
posites; b) absorbance spectra of the supernatant solutions.

For the nanocomposites reported here, the semiconduct-
ing nanosized islands tended to grow and coat the TiO2

surfaces with increasing reaction times. This type of island-
like morphology was observed for other substrates besides
TiO2; notably, for amorphous SiO2 particles used as the
substrate, Ag2S was clearly observed as nanoparticles uni-
formly distributed over the SiO2 surfaces, as illustrated in
Figure 4. Whereas well-defined and discrete Ag2S islands
were formed at a silica surface, a small number of dispersed
Ag2S islands appeared over the TiO2 surfaces (Figure 4).
Although the focus here is on the synthesis of metal sulfides
using TiO2 substrates, a comparison between the TEM
images for Ag2S grown on SiO2 and TiO2 (Figure 4) is valu-
able because it reveals that the nature of the substrate had
a strong effect on the morphology of the final nanostruc-
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ture. The TiO2 (anatase) submicron particles provides crys-
talline surfaces at which selective nucleation of Ag2S proba-
bly occurs. Thereby there is a difference compared with the
SiO2 substrates which are amorphous and at which Ag2S
nanophases have grown randomly at the surface. In both
cases, the Ag2S nano-islands are in fact attached to the sub-
strates as revealed by the magnified TEM images (Figure 4).

Figure 4. TEM images of nanosized islands of Ag2S at the surfaces
of TiO2 particles (a and b) and at the surfaces of amorphous SiO2

particles (c and d).

A possible explanation for the morphology observed in
these nanocomposites is that the decomposition of the
metal alkyldithiocarbamate into the respective metal sulfide
is a surface-mediated reaction, with small metal–sulfide
clusters nucleating at the substrates’ surfaces. The forma-
tion of the metal sulfide proceeds by a controlled release of
ionic species coming from the degradation of the single-
molecule precursor. This mechanism is also in agreement
with earlier observations of the growth of quantum-sized
semiconductors at the surface of SiO2 particles, in which
for increasing reaction times the semiconductor bandgap
shifted to lower energies.[9]

Yet another possibility is to assume a homogeneous nu-
cleation of metal–sulfide clusters in bulk solution and then
their adsorption at the substrates’ surfaces. Although we
can not rule out this hypothesis, segregated Ag2S nano-
phases were not detected by SEM or TEM for the powders
collected at the earlier times of reaction. Obviously, such
small Ag2S particles could still remain in solution, but in
that case we would also expect optical spectra characteristic
of nanodispersed Ag2S particles, that is, showing an in-
creasing absorption extending to the red region of the spec-
trum.[13] The spectra of supernatant solutions collected for
distinct reaction times show a main band peaked at 300 nm
(Figure 3, b), whose intensity increases with reaction time
but there is no evidence for an absorption tail at longer
wavelengths (500–600 nm). This band in the UV is probably
due to molecular species resulting from the precursor de-
composition. Finally we note that in the absence of TiO2
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(or SiO2), the semiconducting phase grows onto the glass
walls of the reaction flask where it becomes strongly at-
tached, which together with the earlier results is also experi-
mental evidence for a surface-mediated process.

Thus we propose that the degradation of the single-mole-
cule precursor originates metal–sulfide clusters at the TiO2

(or SiO2) surfaces that then coalesce into larger nano
islands. As the reaction time increases, the semiconductor
phase tends to grow and to mimic the optical properties of
the corresponding bulk material. At the moment we can
not give a definite explanation for the type of interaction
occurring between the metal sulfide and the substrates. The
growth of the metal sulfide at the substrate surface is driven
by the lattice enthalpy of the solid. On the other hand, the
adsorption of precursor species at the surface tends to ar-
rest particle growth, which in this case should have a dis-
tinct contribution depending on the substrate used. This
possibility is consistent with XPS measurements performed
on the SiO2/Ag2S and TiO2/Ag2S nanocomposites. Whereas
for the former we could only assign the Ag3d3 and Ag3d5
peaks to the Ag2S phase, the XPS of TiO2/Ag2S showed
two unresolved peaks. These two additional XPS peaks can
be related to Ag sites bound to the TiO2 surface, probably
through an oxide bridge (Ag–O–Ti), and thus also confirm-
ing the attachment of Ag2S nanocrystals at the TiO2 sur-
faces as suggested by the TEM results.

This discussion requires a chemical step in which sulfide
anions are generated and which then react with metal-
amine complexes. In order to suggest a chemical mecha-
nism for this process, attempts were made to isolate and
characterize intermediate species in reaction mixtures of
several metal–alkyldithiocarbamato complexes. This study
was limited by the fast kinetics of the reaction decomposi-
tion of these complexes into the metal sulfide. Fortunately
for one of the compounds investigated, the zinc(II) com-
pound [Zn(S2CNEt2)2], we were able to isolate a powder
immediately after the mixture of the starting reagents. This
intermediate precursor was identified by elemental analysis
as the coordination compound (I) [Zn(H2NCH2CH2NH2)3]-
[S2CN(C2H5)]2 (calcd. C 35.44, H 8.18, N 20.66; found C
35.08, H 8.27, N 20.38). Unequivocal confirmation for the
presence of this intermediate was obtained by comparing
the experimental and simulated powder XRD patterns (see
Supporting Information) for I, whose structural characteri-
zation can be found elsewhere.[10]

To confirm this explanation, we performed a NMR spec-
troscopic study of CD3OD solutions of I, for several reac-
tion times, in the presence of ethylenediamine. In order to
obtain accurate NMR spectra, this spectroscopic study was
carried out in reaction solutions without TiO2 (or SiO2)
particles. Figure 5 shows the 1H NMR peaks of solutions
of I for distinct reaction times (up to 24 hours). The 1H
NMR spectrum of the starting solution (t = 0 minutes)
shows the peaks expected for compound I; hence the singlet
observed at δ = 2.80 ppm is assigned to the ethylenediamine
protons (Hc), and the methylene (Hb) and methyl (Ha) pro-
tons from the N,N-diethyldithiocarbamate anion are as-
signed at δ = 1.30 ppm (triplet) and 3.90 ppm (quartet),
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respectively. The protons Hd from ethylenediamine are not
observed because they exchange rapidly with the solvent
(CD3OD). We note that during this reaction, the relative
intensities of the peaks from the N,N-diethyldithiocarbam-
ate anion decrease and after one hour they are no longer
observed, in agreement with the total decomposition of
compound I. Meanwhile a number of new peaks appear,
which for the earlier times of reaction probably result from
a complex mixture of chemical species. However, consider-
ing the spectrum recorded for a reaction time of 24 hours,
the most intense peak is a singlet observed at δ = 2.80 ppm
(Hc), that is, coincident with the peak previously assigned
to the ethylenediamine which was in excess in the reaction
mixture. Other peaks are a triplet observed at δ = 1.15 ppm,
which is probably due to methyl protons (CH3) of an ethyl
group (Hb�), though slightly deviated from the correspond-
ing peaks in the dithiocarbamate anion (δ = 1.30 ppm), and
also the methylene protons (Ha�) which appear now devi-
ated at δ = 2.65 ppm relative to the respective protons (Ha,
δ = 3.90 ppm) in the initial N,N-diethyldithiocarbamate
anion. On the other hand, a new singlet is observed at δ =
3.67 ppm (He), which is about 2/3 of the peak at δ =
1.15 ppm. The protons of these two methylene groups are
equivalent because of the prototropy of the 4,5-dihydro-
imidazole formed in the reaction (Scheme 1).

Figure 5. 1H NMR spectra of refluxed CD3OD solutions contain-
ing [Zn(S2CNEt2)2] and ethylenediamine, for distinct reaction
times: a) 0 h; b) 1 h; c) 2 h; d) 24 h.

Scheme 1 shows a possible mechanism which agrees with
our spectroscopic data; the 1H NMR spectrum at the bot-
tom assigns the peaks to the respective protons labelled in
Scheme 1 for the organic compound obtained at the end
of the reaction. Thus the N,N-diethyldithiocarbamate anion
reacts in the presence of ethylenediamine forming in the
end the cyclic compound, 2-diethylamino-4,5-dihydro-1H-
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Scheme 1. Mechanism for the generation of sulfide ions from N-
alkyldithiocarbamates in the presence of ethylenediamine (CD3OD
solutions).

imidazole, and hydrogen sulfide. The latter readily ionizes
to generate the metal sulfide according to the overall equi-
librium:

More convincing evidence for this mechanism comes
from examining the 13C NMR spectra of the initial (t = 0
hours) and final (t = 24 hours) reaction mixtures. In terms
of this mechanism, one should expect four distinct peaks:
four peaks from 2-diethylamino-4,5-dihydro-1H-imidazole
and one from the ethylenediamine in excess in the reaction
mixture, and indeed all these peaks were observed at δ =
14.7, 44.5, 45.0, 45.7 and 165.5 ppm (see Supporting Infor-
mation). The peak at δ = 165.5 ppm appears as a broad
and low intensity signal due to the previously mentioned
prototropy of the S-substituted imidazole ring
(Scheme 1).[14] In addition the characteristic peak of CS2,
observed at δ = 205.9 ppm in the spectrum of the original
precursor, was no longer observed in the final solution.

This discussion shows that in the growing process, the
N-alkyldithiocarbamate anion acts as a sulfide source: this
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anion being generated in situ in a controlled process. On
the other hand, the metal complexes are probably adsorbed
at silica surfaces that tend to favour dissociation of the or-
ganic ligands from the metal centre, hence favouring the
formation of the metal sulfide in equilibrium 1. As a result,
morphological well-defined nanoparticles can be prepared
by adjusting the synthetic conditions favouring the con-
trolled release of cations (equilibrium 1) and the controlled
generation of sulfide ions (Scheme 1). This opens up the
possibility of a selective choice of the amines used to con-
trol the growth of the metal–sulfide nanophases.

An important feature of the TiO2-based nanocomposites
prepared by the method reported here is that the nanoph-
ases are evenly dispersed as islands and do not completely
cover the TiO2 surface. The Ag2S/TiO2 nanocomposites are
particularly interesting because the Ag2S islands are ar-
rested at the TiO2 surfaces but are still chemically reactive,
and therefore they could be partially reduced to metal sil-
ver, yielding Ag-supported TiO2 materials with potential
interest in photocatalysis, as schematically illustrated in Fig-
ure 6.[15]

Figure 6. Chemical and morphological transformation of nano-is-
lands of Ag2S into Ag, at the TiO2 nanoparticles surface, in the
presence of aqueous NaBH4 (bar length corresponds to 100 nm).

Conclusions

In summary, coupled Ag2S/TiO2 nanocomposites were
prepared from a heterogeneous reaction system containing
metal N-alkyldithiocarbamates as the precursors and TiO2

submicron particles as the substrates, in acetone medium. A
possible mechanism for the formation of the metal–sulfide
nanophases through this one-step reaction was presented
on the basis of microscopic characterization of the solid
phases and NMR spectroscopic analysis of the reaction
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solutions. This mechanism successfully explains the growth
of metal sulfides, by applying a controlled release of anions
from the precursor to the reaction solution. In addition,
this synthetic method opens up the possibility of chemical
design of coupled nanocomposites for several photo-appli-
cations,[16,17] since a variety of materials can be tailored by
varying the deposited phase and the type of substrate, both
in terms of shape and chemical composition.

Experimental Section
General: All chemicals were supplied by Aldrich, except ethanol
(Riedel-de Haën), and were used as received.

The AgI dithiocarbamato complex was prepared by the stoichio-
metric reaction of Na[S2CN(CH2CH3)2] and the respective metal
nitrate, in water. The solids obtained were isolated by filtration and
washed with distilled water. The purity of the metal complexes was
checked by IR and 1H NMR spectroscopy.

Silica particles were prepared using the Stöber method:[18] Tetra-
ethoxysilane (TEOS, 0.73 g) was added to absolute ethanol (5 mL)
containing distilled water (0.06 g), and the mixture was allowed to
stand for 30 min. Subsequently, 25% NH4OH solution (2 mL) was
added to the reaction mixture, and the solution left to stand for
30 min. The colloid formed was filtered and washed thoroughly
with water and ethanol. The SiO2 particles were then used after a
thermal treatment at 700 °C for 4 h.

Spherical TiO2 (anatase) particles were prepared by the controlled
hydrolysis of titanium tetraethoxide in ethanol as described by Ma-
ret.[19] Using this method the particle size can be varied by ad-
justing the relative amounts of Ti(OEt4)4 and water, or by varying
the type of metal–alkali salt added to the reaction mixture. In a
typical synthesis, ethanol (100 mL) was mixed with 0.1  aqueous
solution of KCl (0.4 mL), followed by addition of Ti(OC2H5)4

(1.7 mL), at room temp. and under magnetic stirring. The reaction
ran over 8 h, yielding in the end a colourless colloid. The solid
was then collected on a millipore membrane (0.25 µm), forming a
compact coating, and this amorphous TiO2 was thoroughly washed
with ethanol/water. The crystalline phase anatase-TiO2 was ob-
tained by placing the solid in alumina crucibles, followed by ther-
mal treatment at 500 °C for 4 h in a tubular oven.

All the nanocomposite particles were prepared by adding ethyl-
enediamine (2.5 mL) dropwise to an acetone solution (25 mL) con-
taining the AgI dithiocarbamato complex (0.125 mmol) and TiO2

(or SiO2) particles (0.125 g). The suspension formed was then re-
fluxed with stirring under a N2 stream. Samples were collected for
distinct reaction times, and the solids were isolated by centrifuga-
tion and washed thoroughly with acetone. All the powders were
prepared and collected inside a well-ventilated fume-cupboard and
were then dried at room temp. in a desiccator under vacuum.

The absorption spectra were recorded with a Jasco V-560 UV/Vis
spectrophotometer. Transmission electron microscopy (TEM) was
carried out with a JEOL 200CX microscope operating at 300 kV.
The samples were prepared as follows: an aliquot containing the
nanocomposite dispersed in acetone was placed on a copper grid
coated with an amorphous carbon film and the solvent was then
evaporated. Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDX) were performed using a FEG-
SEM Hitachi S4100 microscope operating at 25 kV. The samples
were prepared by deposition of an aliquot of the suspension of the
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nanocomposite in acetone on aluminium pieces and then coated
with evaporated carbon.

The NMR spectroscopic experiments were conducted with a
Bruker Advance 300 NMR spectrometer using CD3OD (Aldrich)
as the solvent. To monitor the reaction over time, the compound
[Zn(H2NCH2CH2NH2)3][S2CN(C2H5)]2 (0.157 mmol, 0.085 g) and
ethylenediamine (0.24 mmol, 20 µL) were placed in CD3OD
(15 mL), and this mixture was then refluxed under magnetic stir-
ring and a N2 flow. For the required reaction times, samples (2 mL)
of the reaction solution were collected and centrifuged, to remove
any solid particulates formed, and then analysed by NMR spec-
troscopy.

X-ray photoelectron spectroscopy (XPS) was performed in the
CAE mode (30 eV) using a Microlab 370 F instrument with an Al
(non-monochromatic) anode. The accelerating voltage was 15 kV.
The quantitative XPS analysis was performed using the Avantage
software.

Supporting Information (see also the footnote on the first page of
this article): (a) 13C NMR spectra of CD3OD solutions containing
[Zn(S2CNEt2)2] and ethylenediamine; (b) experimental and simu-
lated powder XRD patterns of the intermediate zinc(II) compound;
(c) selected XPS peaks of the nanocomposites.
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