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Nanocrystalline binary metal chalcogenides have been suc-
cessfully synthesized through reactions between an alkaline aque-
ous solution with dissolved elemental S, Se, or Te and an aqueous
solution of metal complex at low temperature under atmospheric
pressure. The products were characterized by XRD, XPS, TEM,
and optical property measurements. Elemental S, Se, and Te
dissolved in the alkaline aqueous solution can rapidly make most
metal chalcogenides crystallize well. Using metal complex
instead of metal ion effectively avoids the occurrence of byprod-
ucts such as metal hydroxide or oxide in the alkaline aqueous
solution. TEM micrographs show a variety of particle morpholo-
gies. The chalcogen sources and solvents are relatively simple and
safe. The mechanism of formation of binary metal chalcogenides
in the alkaline aqueous solutions is also discussed. © 2001
Academic Press
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INTRODUCTION

Most of the studies of the chemistry of metal selenides
and tellurides have been done in the past 20-25 years, in
striking contrast to the metal sulfides, which have a long
and venerable chemical history, because no convenient syn-
thesis routes, necessary to gain access to the chemistry of
metal selenides and tellurides simply, have been available
(1-4). Many of the traditional reagents in metal sulfide
chemistry, such as H,S, are not simply transferable to their
heavier congeners. In the past 10 years, metal selenides and
tellurides have begun to assume increasing significance in
a variety of important applications, such as in low-band-gap
semiconductors, photovoltaics, and IR detectors (5-8). In
particular, recent development of nanoscale materials re-
search has induced great interest in its impact on the syn-
thesis methodologies of metal chalcogenides. Knowledge of
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the chemistry of metal chalcogenides is growing at a rapid
rate.

Traditionally bulk metal chalcogenides can be syn-
thesized by solid state reactions between elements at high
temperatures for prolonged times (9, 10). These reactions
typically produce thermodynamic products with little con-
trol of the stoichiometry or crystallinity. In recent literature,
the solid state reactions have been accomplished by high-
energy ball milling (11), sonochemical (12), or microwave
routes (13, 14). New preparation methods, such as synthesis
of thin films and nanoparticulates, have concentrated on
metal-organic chemical vapor deposition (MOCVD) (15-18),
self-propagating high-temperature synthesis (SHS) (19), and
solid state metathesis (SSM) synthesis (20). Some methods
need organometallic complexes as precursors. Most of these
studies involve high energy input.

Because of the lack of suitable entries to the chalcogen
sources in aqueous synthesis in air (21, 22), the past 10 years
have witnessed a growing interest in nonaqueous synthesis
of metal chalcogenides at low temperatures, which involves
solubilization of inorganic starting materials such as
metals and chalcogen sources (23-26). A range of polar
solvents such as methanol, liquid ammonia, amines
(ethylenediamine), and N,N-dimethylformamide (DMF)
can disproportionate S, Se, and Te to oxoanions and
polychalcogenides EZ~, which can be used as chalcogen
sources.

Although it has been known that elemental S, Se, or Te
can be dissolved and disproportionated to E*~ and EO3~
ions in NaOH or KOH aqueous solutions in air (27, 28), few
reports could be found to synthesize metal chalcogenides
based on that result. Herein we choose the alkaline aqueous
solutions with dissolved elemental S, Se, or Te as the chalco-
gen sources, which make most binary metal chalcogenides
crystallize well at low temperatures under atmospheric pres-
sure. Previously we have reported that the method can be
used to synthesize nanocrystalline Cu,_,Se, CdSe, and
SnSe in aqueous solution (29-31). Now in this work, the
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TABLE 1
Characterization of the Chalcogen Sources
Elemental alkaline E:OH™ [OH]
aqueous solution (mol ratio) M) Color
S 1:130 6.5 Red
Se 1:220 11 Deep red
Te 1:450 14 Deep purple

method is extended to more systems and the precipitation
and reaction parameters are addressed in more details.

EXPERIMENTAL SECTION

All reagents were of 99.9% purity from Shanghai Chem-
istry Co. and were used without further purification. Manip-
ulations and reactions were carried out in air. Solution A,
which represented the sulfur, selenium, or tellurium (respec-
tively 0.002 mol) alkaline aqueous solution, was prepared
according to Table 1. Heating to boiling temperature could
accelerate the dissolution of elemental S, Se, or Te in the
alkaline aqueous solution. Solution B, which represented
the metal complex aqueous solution, was prepared accord-
ing to the mole ratio of elements in Table 2. A slightly excess
(5-10%) of metal salt was dissolved in a ligand aqueous
solution such as EDTA or tartaric acid, and a stable metal
complex was formed. It should be pointed out that the
volume ratio of solution A to B was 3 to 2. Solution B was
then added to solution A with rapid stirring. A great
amount of precipitate occurred. For the synthesis of PbS,
PbSe, Cu,_,Se, SnSe, Ag,S, Ag,Se, CdS, and CdSe, the

TABLE 2
X-Ray Powder Diffraction Data of the Products from the
Reactions of the Chalcogen Source and Metal Complex

Product

Product  obtained at

obtained boiling
Mol ratio of Color of  atroom temperature JCPDS
Precursors product temperature for 10-30 min reference
Pb(CH;COO0),:S 1:1 Black PbS 5-592
Pb(CH;COO0),:Se 1:1 Black PbSe 6-354
Pb(CH;COO),:Te 1:1 Black PbTe 8-28
SnCl,:Se 1:1 Black SnSe 32-1382
SnCl,:Te 1:1 Black SnTe 8-487
Cu(NO3),:Se 1:1 black Cu,_,Se 6-680
CdCl,:S 1:1 Yellow CdS 6-314
CdCl,:Se 1:1 Red brown CdSe 8-459
CdCl,:Te 1:1 Black CdTe 15-770
NiCl,:Se 1:1 Black NiSe, 11-552
AgNO;:Se 2:1 Black Ag,Se 24-1041
AgNO;:S 2:1 Black Ag,S 14-72
Fe(SO,),:Te 1:1 black FeTe, 14-419
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combination proceeded at room temperature. For the syn-
thesis of tellurides and other sulfides and selenides in Table
2, the combination proceeded at 60-140°C for about
10-30 min. After being filtered and washed with distilled
water, the precipitate was dried under vacuum at 70°C for
4 h. The final product was collected for characterization.

The X-ray powder diffraction (XRD) pattern was re-
corded on a MAC Science MXPI18AHF X-ray diffrac-
tometer with graphite-monochromatized Cu Ko, radiation
(4 = 1.54056 A), employing a sampling width of 0.02° in the
20 range from 10° to 70°. X-ray tubes were operated with an
electron current of 100 mA and a voltage of 40 kV. The
XRD patterns were indexed using JCPDS cards. The purity
and composition of the product were detected by X-ray
photoelectron spectra (XPS) recorded on an ESCALab
MKII instrument with Mg Ko radiation as the excitation
source. The morphology and particle size of crystallites were
determined by TEM images and the degree of crystallinity
was confirmed by the selected area electron diffraction pat-
tern (ED). The images were taken with a Hitachi H-800
transmission electron microscope, using an accelerating
voltage of 200 kV. High-resolution electron microscopy
(HREM) images were taken on a JEOL-2010 transmission
electron microscope. The photoluminescent (PL) emission
spectra of products were performed with a Hitachi 850
fluorescence spectrophotometer with a Xe lamp at room
temperature.

RESULTS AND DISCUSSION

The X-ray powder diffraction (XRD) results showed that
the phases and cell constants of as-prepared samples were
all close to the values reported in the literature (Table 2) (32).
No impurity phase was detected by XRD analysis. The
peaks of the samples prepared at room temperature were
broadening in comparison with those of samples prepared
by heating (Fig. 1). This was in accordance with their small
crystalline sizes, which had been confirmed by TEM results.
TEM images in Fig. 2 show different morphologies of metal
chalcogenides: nearly spheres, plates, cubes, and nanorods.
The monodispersity of the crystallites is observed in the
samples prepared at room temperature and the polydispers-
ity is often observed in the samples prepared by heating.

The XPS results indicated that the stability of product
surface in air decreased in the sequence of metal sulfides,
selenides, and tellurides. That is related to the increasing
oxidation potentials for these E*~ (E =S, Se, or Te) ions
(E°S/S*™ =0.508 V; E°Se/Se*” =0.78 V; E°Te/Te*™ =
0.92V) (33). The XPS analysis indicated that the fresh
produced sulfides and selenides had quite high purities.
Figure 3 shows XPS analysis of nanocrystalline Ag,Se. The
Cls line of carbon contamination appears at 284.8 eV. The
two strong peaks at 367.8 eV and 373.85 eV correspond to
Ag3ds;, and Ag3d;,, binding energies, respectively. The



186

>
= -
8 8—1 [}
o ]
= oy = — I
B = e gt
g 2 (9]
] =
—
B — ] —
~ NN ©
T ™ it
i —
— o
—

26 (degrees)

FIG. 1. XRD patterns of hexagonal nanocrystalline CdSe (a, c¢) and
CdS (b, d) prepared at boiling temperature and room temperature, respec-
tively.

binding energy of Se3d is 53.65 eV. The photoelectron emis-
sion arising from elements or oxides is not obvious. This
result is close to that of bulk Ag,Se (34). The contents of Ag
and Se are quantified by Ag3ds,, and Se3d peak areas and
an average composition of Ag, ,Se is given.

The excitation spectrum and photoluminescence (PL)
spectrum of hexagonal CdS nanocrystallites with an aver-
age particle size of 4 nm are shown in Fig. 4. The excitation
spectrum with emission wavelength at 447 nm shows ab-
sorption bands at 260 and 378 nm. Under excitation
wavelength at 378 nm with a 430-nm filter, the PL spectrum
shows an intense, sharp peak at 447 nm with a shoulder
peak at 470 nm. The clear appearance of a blue shift of the
PL spectrum relative to bulk CdS at 512 nm indicates that
the as-prepared hexagonal CdS nanocrystallites are quan-
tum-confined (15). Nanocrystalline hexagonal CdSe has the
same appearance and location, but smaller luminescence
intensity of the PL spectrum compared with that of hexag-
onal CdS. There was also a blue shift from the 716 nm bulk
band gap in the PL spectrum of hexagonal CdSe nanocrys-
tallites (15).

In our route, the reactions take place as follows:
Dissolution reaction

3E + 6 0H ©2E*” + [EO;3]*” + 3H,0 [1]
E*™ 4+ (x — 1)E—EZ™ [2]

(E =8, Se, or Te)
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Precipitation reaction
E2™ 4+ [M(edta)]*” - ME| + (x — 1)E + (edta)*~ [3]
E*™ + [M(edta)]*~ —» ME]| + (edta)*~ [4]
(M = Cd, Pb, or Sn).

The reactions of formation of other metal chalcogenides are
similar to those described in Egs. [3] and [4]. The freshly
produced elemental S, Se, or Te in Eq. [3] is active and can
be dissolved in the excessive alkaline solution at once. Based
on the different stabilities of the chalcogen sources, we
prepared the related chalcogenides at different temper-
atures. At room temperature, the sulfur alkaline aqueous
solution and the selenium alkaline aqueous solution can be
stable only with high OH™ concentrations. Therefore, when
they were mixed with the metal complex solutions, PbS,
PbSe, Cu,_.Se, SnSe, Ag,S, Ag,Se, hexagonal CdS, and
CdSe were obtained at room temperature. If the mixtures
were heated to boiling temperatures and reacted for about
10-30 min, nanocrystalline NiSe, was obtained. The crys-
tallite sizes of those prepared at room temperature become
larger by heating, which can be observed from TEM images
(Fig. 2). The stability of the tellurium alkaline aqueous
solution requires not only high OH™ concentrations but
also hot conditions (60-140°C). Simply cooling to room
temperature will make elemental Te appear on the surface
of the solution again because Te?~ ion in the solution has
a high oxidation potential and is easily oxidized to elemen-
tal Te by oxygen in air. CdTe, PbTe, SnTe, and FeTe, were
obtained when the tellurium alkaline aqueous solutions
were mixed with the metal complex solutions at 60-140°C.
No elemental Te was observed on the surface of the solution
or was detected by XRD analysis of the products.

Our experiments showed that if the chalcogen source is in
excess, S, Se, or Te will precipitate in the product during
posttreatment washing, which can be explained by the re-
versible reaction of Eq. [1]. Excess S, Se, or Te will be
difficult to remove. Therefore, metal complex is in excess
(5-10%) over the chalcogen source. At the end of the reac-
tions, excess metal complex can be easily removed by wash-
ing with water.

In our method, the chalcogen source has a high concen-
tration of OH ™. Table 1 shows that the concentration of S,
Se, or Te is much smaller than that of OH ™, especially the
selenium and tellurium source. If metallic ion is directly
used as a reactant, both the metal chalcogenides and the
metal hydroxides will precipitate. Metal hydroxides which
occur as impurities will be difficult to remove in the
posttreatment of the final products.

Chelating agents are often used to prevent one or more of
the customary reactions of a metal ion without actually
removing it from solution. For example, a metal ion that
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FIG. 2. TEM images of typical samples of nanocrystalline metal chalcogenides: (a) CdSe (HREM image) prepared at room temperature, (b) CdS

prepared at boiling temperature, (¢c) CdSe prepared at boiling temperature, (d) CdTe, (e) NiSe,, (f) Ag,Se, and (g) FeTe,.
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FIG. 3. XPS analysis of as-prepared nanocrystalline Ag,Se.

interferes with a chemical analysis can often be complexed
and its interference thereby removed. In a sense, the chelat-
ing agent hides the metal ion (35). In this method, ligands
including chelating agent (EDTA) are used to complex the
metal ions. Therefore, the amount of free metal ions in the
reaction system is quite small. The solubility product con-
stant of metal chalcogenide will be reached and precipita-
tion will occur before that of metal hydroxide because the
solubility product constant of metal chalcogenide prepared
in our experiments is much smaller than that of metal
hydroxide. In our experiments, using metal complex instead
of metal ion avoided the occurrence of metal hydroxides.
Experiments showed that EDTA was a good chelating
agent with most metal ions including Cd**, Pb?*, Cu?"¥,

ZHANG ET AL.

Excitation Photoluminescence

378 447

470

Intensity (a.u.)

260

200 300 400 500 600

Wavelength (nm)

FIG. 4. Excitation spectrum (emission wavelength was 447 nm) and
photoluminescence spectrum (excitation wavelength was 378 nm, 430 nm
filter) of hexagonal nanocrystalline CdS prepared at boiling temperature.

Sn?*, and Ni**, while S,03~ and NH; were good ligands
with Ag™ for formation of Ag,S. However, [Ag(S,03),]°~
was much more suitable than [Ag(NH;),] " for formation of
Ag,Se. [Ag(NH;),]" as a silver precursor only produced
elemental silver in the selenium alkaline solution, because
the stability constant of [Ag(S;03),]°~ (B = 10*3-4%) is
much bigger than that of [Ag(NH3),]" (B =107-%%) and
silver ion complexed by (S,03)* ™ is more easily stabilized in
the + 1 oxidation state in the selenium alkaline solution,
which has a higher reductivity than the sulfur alkaline
solution. Therefore, it is important to choose a ligand which
can stabilize the metal ion in the reductive alkaline solution.

CONCLUSION

In summary, we report a simple synthesis of nanocrystal-
line metal chalcogenides in alkaline aqueous solution. S, Se,
and Te alkaline aqueous solutions are chosen as the chalco-
gen sources, which make metal chalcogenides crystallize
well at low temperature under atmospheric pressure. Using
metal complex instead of metal ion effectively avoids the
occurrence of byproducts such as metal hydroxide or oxide
in alkaline aqueous solution. The precursors and solvents
are relatively simple and safe. The convenient synthesis
is helpful to gain access to the chemistry of the metal
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chalcogenides and related nanocrystalline materials. Based
on the simple route, synthesis of nanocrystalline materials
with controlled morphologies is in progress.
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