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Room Temperature Synthesis of Metal Chalcogenides in Ethylenediamine
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Reaction of sulfur and selenium with elemental or ionic metals in liquid ethylenediamine at room temperature
produced metal chalcogenides ME @1Cu, Sn, Cé", Ni2", Mn?*, or PG*; E =S or Se), AgE, MEs (M =

Bi or Sb). The results showed that the products had a range of crystalline sizes from 10 to 100 nm. Some reactions
produced molecular precursors. Heat treatment of these precursors &€ 25@ler a N atmosphere induced
crystalline chalcogenides. The pre- and postheated metal chalcogenides were analyzed by X-ray diffraction (XRD).
Some key compounds are analyzed by X-ray photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM). The roles of ethylenediamine in the reaction system are also discussed in this report.

elemental synthesis. The elemental reaction between zinc or
copper with sulfur at reflux in strongly coordinating solvents

Introduction

Ethylenediamine, as a strong coordinating agent, was exten-

sively employed in inorganic synthesis recently. Sulfur can SUch as g}/lfgdi“? and\-methylimidazole also has been
dissolve in ethylenediamine completely and form deep green developed:**°This forms complexes of the form M{gsolv),

solutionst Data in these solutions have been investigated, and that can be thermally decomposed at 3@to form a binary
formation of a range of sulfur anions, cations, and suifur ~ chalcogenide such as ZAS*® Similar low-energy approaches
nitrogen species occurrédseS and CdS nanorods have been involving [Cu(en}]** and thiourea have enabled essentially
synthesized successfully via sulfugthylenediamine solutior?s amorphous CusS to be made at room temperdttre.
Mecury oxide reacts with sulfarethylenediamine solutions to Parkin et al® reported the preparation of both crystalline and
form HgS nanocrystals.Dissolution of selenium in liquid  amorphous transition- and main-group metal chalcogenides from
ethylenediamine to give color solutions has not been reported; elemental reactions in liquid ammonia. Most of the products
however, HgO and selenium in liquid ethylenediamine can react pParkin et al. obtained are amorphous, but they become crystalline
to produce HgSe crystals. after heat treatment at 300C. One problem with Parkin’s
Metal chalcogenide synthesis has been reported many timesmethod is the low b.p. (boiling point) of ammonia that makes
in the literature. The most straightforward route to transition- yajsing the temperature above the b.p. impossible. This gives
metal chalcogenides is the combination of the elements at highjittie chemical control over the morphology of the products.
temperaturé. This process requires a significant energy input | . paper we report a room temperature synthetic route

and gives little control in particle size of products. Such . - ) .
o . . _to crystalline transition- and main-group metal chalcogenides

elemental combination reactions can also be promoted in a . o= A
from elemental and ionic reaction in liquid ethylenediamine.

microwave oven where the synthesis time is significantly B wrolling th tion t { irol th
reducecP. A low-energy approach is the precipitation of metal y controfling the reaction temperature, we can control the
morphology of the products well.
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Experimental Section indexed according to the literatutgXPS spectra show that the
All reagents were of 99.9% purity or better and used without further ratio of metal element to sulfur element IS Clc.)se to StOIChlometry
purification. Ethylenediamine has a trace of water and was used without of the .compounds. All of the materials Obta',nEd had crystalline
drying. Most reactions were carried out at temperature—20 °C. sizes in the range of 10100 nm on the basis of the Scherrer
X-ray diffraction (XRD) patterns were determined on Japan Rigaku €quatior?® TEM images also attest this. Reaction o’Cavith
Dmax rA X-ray diffractometer with graphite monochromatized @K  S(am) produced a kind of molecular precursor without CoS and
radiation ¢ = 1.5418 A). They were indexed using JCPDS cards. To unreacted reactant CoCIAfter heating at 250C under a N
obtain further information about stoichiometry of some key compounds, atmosphere for 0.5 h, crystalline CoS is obtained. Reaction of
X-ray photoelectron spectroscopy (XPS) analysis were recorded on apMn2+ and S(am) produced soneeMnS and molecular precur-
VGESCALAB MKIl X-ray photoelectron spectrometer, using non-  sor, and heat treatment at 280 under a N atmosphere induced
monochromatized Mg & as th_e exmtatlo_n source and chqosmg Cls crystalline a-MnS. Reaction of copper with S(am) produced
(284.60eV) as the reference line. TEM images were carried out on a large amounts of crystalline CuS and a little of the molecular

Hitachi model H-800 transmission electron microscopy, using an
accelerating voltage of 200 kV Py g precursor. After heat treatment at 280 under N atmosphere

Reactions of Cu, Sn, Mi*, Ni2*, and C&* with Sulfur in Liquid for 0.5 h, we obtained pure crystalline CuS. Quantification of
Ethylenediamine. The same general reaction scale and procedure was the peaks from the X'_DS spectra gives the ratio of C_U to S near
adopted for all the reactions exemplified here for CusS. to 1:1. Reaction of Ni" or tin with S(am) produced inhomo-

Powder copper metal (0.32 g, 0.005 mol) and sulfur (0.24 g, 0.075 geneous products. In the tin case, most of the tin remained
mol) were added to liquid ethylenediamine (10 mL) in a vessel at room unreacted and little of sulfide was obtained at temperatures of
temperature and magnetically stirred for about 12 h. The mixture 10—20 °C. When the reaction temperature was raised to-150
changed to a dark green/black color and finally to green with a black 160 °C, the products obtained were mostly SnS, Se®d a
precipitate. The precipitate was collected by filtering the solution and |ittje unreacted tin (less than 5%). In the?Nreaction the XRD
then washed with water and ethanol. Then the sample obtained was ; ;

; pattern showed that NiS, B8, Nisi16S,, and molecular
heated untl dry at 70C. The sample was analyzed by XRD. XPS and precursors are present. Heating the nickel and tin products at

TEM analyses were also carried out to obtain further information. A - .
Reactions of Bi and Sb with Sulfur or Selenium in Liquid 250°C under a Matmosphere for 0.5 h formed SnS, NiSz84i

Ethylenediamine.The same general reaction conditions and scale were and Nk.116%. Sn$ is thermally unstablé; so the products after

used like the Cu case except that the reactants ratio M(Ri,Sb): heating made up of only SnS.
E(E = S,Se) was 2:3. Reaction of antimony with sulfurethylenediamine solutions
Reactions of Ag- and Pk?** with Sulfur in Liquid Ethylenedi- under the same conditions as above was also investigated. The

amine. The same reaction conditions and scale were used as detailedreaction products are related to the reaction time. The reaction
above for Cu except that in the silver reaction a Ag:S ratio of 2:1 was gp|utions changed to dark green to black, and if the reaction
employed. In both cases the products formed were crystalline as tjime extended over 8 h, the solutions changed to dark yellow
assessed by X-ray diffraction and did not require heating for charac- without any precipitate left. But if we controlled the reaction
terization. The samples obtained were analyzed by XPS and TEM time and the ratio of Sb to S, we can obtainSKXRD pattern

means. determined this). In thi lanati
Reactions of Selenium with Metals in Liquid Ethylenediamine. Jo(alllc?\l;vr;]'lne is). In this case, we propose an explanation as

The same reaction scale and conditions were employed as describe
above for CusS reactions. The products were analyzed by XRD. Some

of the products were precursors that have many unknown peaks. After Shb+ S(am)— Sh,S;
heat treatment at 25TC at N, atmosphere, crystalline chalcogenides
were produced. szss + S[ . [SbS‘]}

Results and Discussion

Selenides: Synthesis and CharacterizationReactions of
selenium with various transition- and main-group metals in
liquid ethylenediamine were investigated. Equations were listed

Sulfides: Synthesis and CharacterizationReactions of a
range of transition- and main-group metals elements or cations
with sulfur—liquid ethylenediamine solutions [S(am)] at room

) . . ) as follows:
temperature in a vessel produced metal sulfides in good yield.
We selected the following typical metal element§ or ions to Cu+ Se(am)— CuSe
investigate, and equations are listed as following:
PK" + Se(am)— PbSe
Cu+ S(am)— CusS N
2Ag" + Se(am)— Ag,Se
2Ag" + S(am)— Ag,S
Sn+ Se(am)— SnSe
Sn+ S(am)— SnS+ SnS, Bi + Se(am)— Bi,Se,
+ —>
PE" + S(am)— PbS Mn®" + Se(am)— MnSe
L2+ . . .
Ni“" + S(am)— NiS + Ni;S, + Nij 1,55, Sb+ Se(am)— Sh,Se,
Co*t + S(am)— CoS
Mn2t & S(am)— MnS (19) ig:ngDs Powder Diffraction File, Alphabetical Index, Inorganic Phases,
. . (20) Klug, H. P.; Alexander, L. EX-ray Diffraction Procedures for
Bi + S(am)— Bi,S; Polycrystalline and Amorphous Materiand ed.; Wiley: New York,
1974.
. . N 21) CRC Handbook of Chemistry and Physidfth ed.; Hodgman, C.
Reactions of Pb" and Ag" with sulfur—ethylenediamine @D D., West, R. C., Selby, s.M.,gds.;CRcyPress: Boca Rat%n, FL, 1959,

solutions produced pure crystalline sulfides;8@nd PbS which p 647.
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ethylenediamine both produced molecular precursors without
crystalline BpSs or Bi;Se; prior to heating. Unlike the sulfur
reactions, tin metal reactions with selenium produced SnSe and
a little unreacted tin (less than 5%) at temperatures of-150
160°C, however the products were almost all of unreacted tin
at temperatures of HR0°C. Reactions of M#i™ with selenium-
(am) produce molecular precursor without the MnSe phase,
unlike the reaction of M#fi™ with sulfur in liquid ethylenedi-
amine. Since the dissolution of selenium in liquid ethylenedi-

(b)

% * amine is different from that of sulfur, from the reaction of Sb
&S’ I L with selenium we obtained crystalline Sy, which differs from

o e Sl S P the sulfur reaction.

k5 Scope of the ReactionThe reactions are all of redox type
& O . . with the metal element being oxidized. The nature of the

oxidizing agent in the solution has yet to be investigated.
Sulfur—ammonia solutions have been shown to contain various
N sulfur imides (e.g., $NH) as well as sulfurnitrogen anions
sulfur polyanions (&, &=, SiIN~, $NH).22 Analogy to sulfur
ammonia solutions, sulfarethylenediamine solutions are re-
ported to contain above anions, including S

These anions could be responsible for the redox chemistry.

— The ethylenediamine solution acts not only to produce the active
13720 30 40 50 60 70 sulfur species in solution but could also play a role in activating
2Theta(Degrees) the metal surface and in electron transfer in the reacting system.

Figure 1. X-ray diffraction (XRD) patterns of selected sulfide samples Itis known that some metals such as mercury will react with
(a) XRD pattern of CuS sample:a] peaks of molecular precursor; sulfur at room temperatufé.The reaction is, hpwever, Iargely

(*) peaks of CuS crystal. (b) XRD pattern of g sample: (*) peaks surface limited and for most metals slow. This may be, in part,
of Ag,S crystal. (c) XRD pattern of PbS sample: (*) peaks of Pbs due to a passive surface oxide coating. The ethylenediamine
crystal. may act to remove this coating and so facilitate contact between

the metal and the dissolved sulfur, thereby promoting the
reaction. Another important factor that should be noted is that
ethylenediamine is a strong coordinating agent. Many metallic
elements or cations can coordinate with en to form fairly stable
complexes. Th&s, of MS is also a significant factor affecting
the formation of MS.

[M(en),)*" + & — MS + 2en *)
£ There is competition between the formation of [M(grand
5 | # the formation of MS precipitate. The stability constant of
i complex 3,) and theKs, together decide the reaction direction
g * and yield of MS.
&
) K* = [MS][en]?[S* ]M(en),] =1/K.f,
©) We can take Cu, Ag for example, to discuss.

cu=>cu +2e
CU" + 2en— [Cu(en)]**

15 20 36 40 30 60 70 Keu= KB, =1.7x 10"
2Theta(Degrees) In analogy to Cu case:
Figure 2. X-ray diffraction (XRD) patterns of the selected selenide
samples. (a) XRD pattern of A§e sample: (*) peaks of A§ crystal. K*Ag — 1/Ksp62 =32x 10"

(b) XRD pattern of PbSe sample: (*) peaks of PbSe crystal. (c) XRD

(%
pattern of SnSe sample: (*) peaks of SnSe crystal. From the above computations, we could predict that the

Product workup and analysis were identical to the cases formation of AgS is easier than that of CuS. Experiments show

described for sulfur above. Unlike the reaction of copper metal that reaction of Ag with S(am) produced all Ag but Cu

with S(am) which produced the most crystalline CusS, reaction reaction produced CuS and some molecular precursor. In the
of copper metal with selenium in liquid en produced almost all - -
molecular precursor. The silver and lead selenides were crystal-(22) f’geég”gl'}? Parkin, I. P.; Woollins, J. D. Chem. Soc., Dalton Trans.
line prior to heating as had been the cases observed for sulfur.(23) Greenwood, N. N.: Earnshaw, E. Khemistry of the Elements

Reactions of bismuth metal with sulfur or selenium in liquid Pergamon: Oxford, 1990; p 1400.
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reaction of M or M+ with S(am), en may also act as a buffering The metal selenide reactions differed from the sukfur
medium. It is also known that some metal cations such & Cu ethylenediamine solutions in that elemental selenium seemed
can easily react with® to form the CuS precipitate. But the  to dissolve little in the ethylenediamine during the course of
Cus particle size is large and particle agglomeration is clearly the reaction. The products of the reactions ME{5S, Se) were
observed. We have compared the products of the Cu reactionaffected not only by thésp, 32 of [M(en);]2* but also by the
with the C&#* reaction and found that although the rate of the concentration of active®E. For exampleKs(CuS), 1x 1073,
former reaction is slower than the latter one, the morphology is |arger thanKsy(CuSe), 1x 10 4°. However, XRD patterns

of the former products is better than that of the latter ones. So showed that sulfur reactions produced mostly CuS and some
en also plays an important role in chemical control during molecular precursor, while the selenium reaction produced

synthesis. As to the molecular precursor, we propose the ggsentially all molecular precursor (Figures 1 and 2). The low
complex structure M(g(eny may be formed analogous to the  ;oncentration of active Sein the selenium system may explain
M(Se)(solv), structure reported in the literatute:16 M(Sg)(en) this phenomenon.

thermally decomposes at 28C under N atmosphere to form
a binary chalcogenide MS.

Among the metal sulfides we have synthesized, CdS, PbSe,
and PbS are one-dimensional in structure (TEM images show  gyifur and selenium in en react with some elemental or ionic
this). In the literaturé,we have proposed the following self-  metals at room temperature to form crystalline chalcogenides.
assembly mechanism via complex intermediates: Some of the reactions produced molecular precursor, and so
heat treatment at 25 under a N atmosphere was needed to
form crystalline chalcogenides. Chemical control of synthesis
in liquid ethylenediamine can be realized by adjusting the

Conclusions

[M(en),)*" + & — MS + 2en

[M(en);]?* complex plays an important role as an intermediate . - -
to form MS nanorods or nanowire. In our experiment to prepare reaction temperature. Ethylenediamine plays an important role

to PbSe nanowire, we added reducing agents like KBtH in electron transfer in redox reactions and formation of binary
and NahPO, to the reaction system and we found that these Chalcogenides nanorods or nanocrystalls. The dissolution of
reducing agents played the same roles in this reaction systemchalcogen in ethylenediamine also affects the formation of
They promoted the formation of PbSe phase and elevated thechalcogenides.

rate of reaction but had no effect on the formation of nanowire.

PbSe nanowire structure is also formed via complex intermediate . Acrngvyledgment. -(lj—h'.s worlf< VCW;.S suppgrte(:] by Thg dNa-_ |
[Pb(en)]2" as we have discussed in CdS case tional Science Foundation o ina and The Presidentia

Foundation of Chinese Academy of Sciences.
[Pb(en)]*" S€~ — PbSe+ 2en 1C990174L



