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The Preparation and Phase Transformation of Nanocrystalline Cobalt Sulfides via a
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Nanocrystalline cobalt sulfides were prepared by the reactions between cobalt chlorides and sodium polysulfide
via a toluene thermal process in the temperature range 120°C. Two single phases of @8 and Co% were
obtained. TEM microphotos showed that thes&oand Co$ particles were both spherical in shape with sizes of
about 20 nm. Chemical analysis gave the formulagSzeand Co$ g7, respectively. The transformations among
cobalt sulfides (CgBs, Ca3Ss, and Co9) with changing reaction conditions and precursors were studied.

Introduction lower than 200°C; however, only mixed phases of Sz and
FeS were obtained.

In this paper, nanocrystalline g& and Co$ have been
successfully prepared via a toluene thermal process using sodium
polysulfide and cobalt chlorides as the starting materials. The
phase transformations among cobalt sulfides with changing
reaction conditions and redox atmosphere are discussed.

There are many phases of cobalt sulfides such as CaS,,Co
CoS, and C@Ss.t Among them, CeSg and Co$ have attracted
attention for their properties for a long tileCoySg is of
importance in hydrodesulfurization catalysts and magnetic
devices? Pyrite Co$3 is a metallic ferromagnet with a Curie
temperature of about 120 K.

Crystalline transition-metal sulfides were synthesized using
solid state reactions between stoichiometric amounts of the
constituent elements in evacuated silica tubes in the temperature Analytical grade solvent and reagents were purchased from Shanghai
range 508-1200°C A5 but intermittent grinding and reheating  Chemistry Co. Ltd. Nz was prepared according to the literatiite.
were often necessary to obtain single phases of these sulfides. Preparation of Nanocrystalline CosSs. Appropriate amounts of
Hydrogen sulfide is another sulfur source to prepare transition- €0Ck-6H0 and Nas; (50% excess over Cog6H,0) were added to
metal sulfides. For instance, §% was prepared with anhydrous a_‘l’eﬂon-llned autoclave of 120 mL capacity. Th_e al_JtocIave was filled
cobalt sulfate salt in a flowing gas of hydrogen sulfide and with toluene up to 75% of the total volume, maintained at 1(20‘0r_ _
hydrogen at 525C.5 CoS, was prepared by the reaction between 24 h, and then cooled_to room temp_erature natl_JraIIy. A black precipitate

yarog ? prep . y . was collected after being washed with carbon disulfide, absolute ethanol,
anhydrous hexammine cobalt(ll) with hydrogen sulfidelow

and distilled water. The final product was dried in a vacuum box at 80
temperature, and further treatment was necessary for crystal-c for 4 h.

lization at 800°C. Recently, pyrolysis of metal compleXés Preparation of Nanocrystalline CoS. Appropriate amounts of
having Co-S bonds inside has been carried out to prepare.CoS anhydrous CoGland NaS; (50% excess over Coglwere added to a
Overall, with those technologies, the products were highly Teflon-lined autoclave. The autoclave was filled with toluene up to
crystalline. 75% of the total volume, maintained in the temperature range-140

To obtain single phases of transition-metal sulfides, it is 170°§: for 12 h, and then cooled to room temperature naturally. The
important to investigate phase tranformation during the prepara-Washing procedures were the same to those faSCo _
tion process. Hiromichi et aP reported the transformation " thse tre;”SforT]a“O”;‘]"’ere '“r‘]’?sngate‘jé’y adding Zf‘_tor?dlutﬂth

: e redox atmosphere. The washing procedures were similar to those

gztr;v:g?ﬂcﬁ% aa?f ir?voesst:Sa?ezstﬁ;n;%zzge:?aggl% \:?ngt?c()%:s of for CasSs with the exception of adding dilute HCI (0.1 mol/L) in some

. lfides durina hvdroth | cases to remove impurities. The detailed processes and the as-prepared
iron sulfides during hydrothermal processes at temperaturess‘,j\mpleS are listed in Table 1.

The X-ray powder diffraction (XRD) patterns were recorded on a
Japan Rigaku DamaxA X-ray diffractometer with Cu K radiation
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Table 1. Reaction Conditions for the Preparation of Cobalt Sulfides

Qian et al.

no. precursors additive solvent tenficy time (h) products

1 NaS; + CoCh:6H,0O toluene 120 24 G

2 NaS; + CoCh:-6H,0O toluene 156-170 12 CeSs + CosS, + CoS
3 NaS; + CoCh:6H,0O Zn toluene 170 12 G&s?

4 CoSP P toluene 120 412 CoSs + CosSs©

5 CoSe° 15 toluene 170 4 CoSt CosSy

6 CoSP P toluene 170 12 CoS

7 N&S; + CoCh toluene 120 12 CoS

aThe sample prepared was washed with HCI additionally to remove

Zn and Zp(DEpSs is first formed by a toluene thermal process at 120

°C for 24 h. Without any posttreatment, i added® The amount of C¢5, in the mixture is about 80%.
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Figure 1. XRD patterns of nanocrystalline cobalt sulfide powders (C
= CxSs, L = CosSy, P= C09): (a) the single phase of & prepared

by the reaction between Co&H,O and NaS; for 24 h at 120°C;

(b) a mixed phase of G8s, CoS, and CaS, prepared by the reaction
between CoGI6H,O and NaS; in the range 156170 °C for 12 h;

(c) a mixed phase of G84 and C@Sg prepared through the reaction of
CoSs and | for 4—12 h at 120°C; (d) a mixed phase of G&, and
CoS prepared through the reaction of $Spand b for 4 h at 170°C;

(e) the single phase of Ce$repared by the reaction betweens&p
and b for 12 h at 170°C.
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Figure 2. XRD patterns of nanocrystalline Cp®repared by the
reaction between anhydrous Ce@hd NaS; at 120°C for 12 h.

particles is about 18 nm calculated by half-width of peaks using
the Scherrer equatidd.The TEM microphotograph (Figure 3a)
of the sample shows that the §3g particles are in a uniform
spherical shape with an average size of about 20 nm.

The XRD pattern of sample 7 is shown in Figure 2. All of
the peaks can be indexed as the single phase of (J&3DS

(13) Klug, H. P.; Alexander, L. EX-ray Diffraction ProceduresWiley:
New York, 1974.

Figure 3. TEM microphoto of nanocrystalline cobalt sulfide pow-
ders: (a) TEM microphoto of nanocrystalline §Sp powder prepared
by the reaction between Co@H,O and NaS; for 24 h at 120°C;
(b) TEM microphoto of nanocrystalline Cepowder prepared by the
reaction between anhydrous Ce@hd Na$; in the range of 120C
for 12 h.

cards No. 41-1471). The average size is about 20 nm estimated
by half-width of peaks using the Scherrer equation. This result
also can be confirmed by the TEM image (Figure 3b) in which
the as-prepared Ceg®articles are in a uniform spherical shape
with an average size of about 20 nm.

Figure 1c is the XRD pattern of sample 4, the reflections at
d spacings of 2.85, 1.67, and 2.36 A corresponding to the 311,
440, and 400 planes of G&. The reflections atl spacings of
1.76, 2.98, and 1.91 A correspond to the 440, 311, and 311
planes of CgSs. The amount of C¢5, is about 80% estimated
by the relative intensity of peaks in the XRD pattern.

Chemical analysis was used to detect the sulfur contents of
the as-prepared single phases$&and CoS. These samples
were heated to constant weight in a stream of oxygen. According
to ref 6, to prevent overoxidation of CoO, the heating temper-
ature should not exceed to 90C. Samples prepared by the
above procedure corresponded to the formulagSgs and
CoS g7, respectively.

In the case of the formation of G®s, the reaction could be
described as follows:

9CoClL-6H,0 + INa,S, —
Ca,S; + 18NaCl+ 19S+ 54H,0 (1)

The optimum condition for preparing @& was about 120
°C for 24 h. The water of crystallization in the precursor GoCl
6H,0 is critical in the process. As anhydrous Cp@ks used
as the precusor, only CeSvas obtained. The reaction could
be described as follows:

CoCl, + Na,S; — CoS, + 2NaCl+ S (2)

With the presence of the water of crystallization in the GeCl
6H,0, the temperature and duration of the reaction and the redox
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atmosphere would also have effects on the formation of cobalt 1c). If the reaction temperature reached up to 1CCor 4 h,
sulfides and the transformations among them. If the reaction only the mixed phases of G& and Co$ (sample 5, Figure
temperature was higher than 138D, besides the phase of £, 1d) was obtained and no g% phase occurred. With prolonging
the phases of CeSand CaS, were also present (Figure 1b), the reaction time up to 12 h at 17C, a single phase of Cg@S
which might be due to the high reactive activation of nano- (sample 6, Figure 1e) was formed. The transformation may be
crystalline C@Sg and an enriched sulfur environment in the due to the presence of Which reacts with Hto form HI and
autoclave. The reactions could be as follows (Capresents decrease the amount of,Hhus making eq 4 transfer toward
the phases of CeSand CaS; according to the literatuté the right and form Co8(x > 1.06)14

3) H, + 1, — 2HI @

N&a,S; + 2H,0 — H,S + 2NaOH+ 2S
_ - - The byproducts such as S, NaCl, and the excesSd\NZn,
C0yS; + (9x—8)H,S > 9C0§ + (—8)H, x> 1.06 and b can be removed by washing with carbon disulfide,

(4) absolute ethanol, hydrogen chloride (0.1 M), and distilled water.

L In the preparation process, toluene is chosen due to its
Through adjusting the redox atmosphere, the phase transfor- prep P

. ! appropriate boiling point (110.8C) and the pressure. The
bmeagggfr;rlggng cobalt sulfides (63, C:Ss, and Co$) could pressure of the tolueleis about 5 atm at 178C, which is

A reduct i h b ted by introducing Z lower than that of water (about 10 atm) at the same temperature.
powdrgr l:g L\r/]i ?er:gtisgn esr;g’r‘]:‘ VSitzzﬁati?e te)r/ngerrgtljjr(gnrgngr; This low pressure makes the toluene thermal process safer than
: - the hydrothermal process. Furthermore, toluene is a poorly polar

120-170 °C, the appearance of other cobalt sulfides such as y P poory p

" i ) organic solvent, and it can avoid the immediate reaction gENa
Cﬁs“ andeCoS‘_, mentlgtn(_ad %b(_)r\;? vanished andlgrg)ly the f"nglﬁ and CoC}-6H,O at room temperature, which is beneficial to
phase of Cefs was o ained. 1Nis process cou'd be explained ., | the rate of the reaction and the phase transformation.
by the effect of a reductive atmosphere on the equilibrium in

eq 4. The reaction between zinc powder and crystalline water Conclusion

of CoCl-6H0 can generate hydrogen as shown in eq 5, which  Nanocrystalline cobalt sulfides were prepared by the reactions
would prevent the equilbrium in eq 4 toward the right. Although  petween cobalt chlorides and sodium polysulfide via a toluene
zinc powder itself can act as a reductive agent in many chemicalthermal process in the temperature range-1PI0 °C. Two
reactions directly, hydrogen was believed to be the main single phases of G8 and Co$ were obtained. TEM micro-
reductive agent since it can disperse homogeneously in thisphotos show that the G8 and Co$ particles are both spherical
system, which is beneficial for the formation of the single phase in shape with sizes of about 20 nm. The ratios of Co to S for
of CosSg. At the same time Zn(OH)could react with HS ~ CoyS; and Co$ are about 9:7.93 and 1:1.97, respectively,
generated in eq 3 to form ZnS, which could be removed easily determimed by chemical analysis. The phase transformations

by dilute HCI solution. among cobalt sufides (8, CoSs, and Co$) with changing
reaction conditions and redox atmosphere by adding Zn and |
Zn+ 2H,0— Zn(OH), + 2H, ®) were studied. The interconversion reactions between the various
Zn(OH), + 2H,S— ZnS+ 2H,0 ) cobalt sulfides depending on the reaction conditions may be of

importance for other systems.
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