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Abstract

Nickel and cobalt sulfides are promising materials in different cutting-edge

research areas like solar cells, supercapacitors, catalysts, and electrode materials.

Nickel and cobalt sulfides with various stoichiometries have been synthesized

sonochemically from Ni(CH3COO)2 · 4H2O, Co(CH3COO)2 · 2H2O and different

sulfur precursors using a direct immersion ultrasonic probe. The products were

characterized by X-ray powder diffraction, transmission electron microscopy

(TEM) including EDX analysis, IR and UV–Vis spectroscopy and elemental

analysis. Following products have been obtained: NiS, Ni3S4, CoS1.097 and Co9S8,

with average crystallite sizes in the range 7−30 nm. Effects of different reaction

conditions on the size, morphology and optical band-gap energy were evaluated.

Optical band-gap energies in the range 3.3 eV−3.8 eV were observed for the

obtained nanoparticles.
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1. Introduction

Transition metal chalcogenides have attracted considerable attention during the

past decade due to their unique physical and chemical properties, including their
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use as semiconducting, optical, magnetic, and catalytic materials [1, 2]. Important

transition metal sulfides include, among others, cadmium sulfide [3, 4, 5], zinc

sulfide [6], silver sulfide [7, 8] as well as many different phases of copper sulfides

[7, 9, 10, 11].

Among those materials, nickel sulfides have been widely studied due to their

various phases and stoichiometries, ranging from the nickel-rich compound Ni3S2,

Ni6S5, Ni7S6, Ni9S8, NiS to sulfur-rich compounds like Ni3S4 and NiS2 [12, 13].

NiS is known to exist in two main phases, i.e. the hexagonal α-NiS, stable at

elevated temperatures, and the rhomboedral β-NiS, which is stable at low

temperatures [14]. NiS has been recently used in many applications, such as

materials for highly effective counter electrodes for solar cells [15, 16, 17] and

seems to be an ideal material for supercapacitors [18, 19, 20] and cathodes for

lithium batteries [21, 22, 23]. It has been reported that cathode materials are

currently the limiting factor preventing a wider application of lithium batteries in

electric and hybrid vehicles and some of these shortages could be overcome by

using metal sulfides as active cathode materials, and amongst them, NiS with a

high theoretical capacity seems to be the most promising [12].

Many methods were reported for the preparation of NiS, the most straightforward

being the high temperature synthesis from elements or the reaction of sulfide ions

to an aqueous solution of nickel(II) ions [24]. Many other techniques to prepare

nickel sulfides were reported later, including mechanochemical preparation [25],

hydro/solvothermal methods [26, 27, 28], spray pyrolysis [12], decomposition of

single-source precursors [13, 29], polyol synthesis [14], microwave synthesis [30]

and preparation by the solventless route in air [31].

Very much like nickel sulfides, cobalt sulfides also exist in several stoichiometric

and non-stoichiometric phases, such as Co4S3, Co9S8, CoS, Co1-xS, Co3S4, Co2S3,

and CoS2 [32, 33]. When compared to other semiconducting transition metal

sulfides, only a little work has been done on cobalt sulfides until very recently. The

phase diagram of the Co-S system is complicated due to the coexistence of strongly

reducible cobalt and oxidizable sulfur ion [34]. Cobalt sulfides are reported to have

potential applications as catalysts [35, 36], capable of splitting water to produce

hydrogen [37], magnetic materials [34, 38], counter electrodes for solar cells [39,

40, 41], anode materials for advanced lithium ion batteries [42, 43, 44] and high-

performance supercapacitors [45, 46, 47, 48].

Traditionally, cobalt sulfides were prepared by solid state methods or by reactions

of cobalt and hydrogen sulfide [49]. More recently, Hoodles et al. [35] prepared

Co9S8 by heating Co3O4 in a stream of 9.8% H2S in H2. Milder routes for the

synthesis of nanosized cobalt sulfides have been developed during the last decade,

like decomposition of cobalt−thiourea complexes [33, 50], wet chemical methods

[36, 41, 42], microwave assisted methods [32, 48], and in the first place the
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hydrothermal/solvothermal method [34, 39, 43, 46, 47, 49, 50, 51, 52]. It should

be mentioned that You et al. report significant advantages of CoS prepared by a

microwave synthesis when compared to counterparts prepared by the solvothermal

method [48].

Following the pioneering work by Suslick and colleagues, who reported the first

sonochemical approach to a metal chalcogenide synthesis by irradiating a slurry of

Mo(CO)6 and elemental S in isodurene obtaining nanostructured MoS2 [53],

ultrasound has become an important tool in the synthesis of nanosized metals,

metal oxides, ferrite nanoparticles and metal chalcogenides. The unique reaction

conditions during the process of acoustic cavitation provide a unique interaction

between energy and matter, with ‘hot-spots’ inside the collapsing bubbles reaching

temperatures up to 5000 K and pressures in the range of 1000 bar, following by

rapid cooling rates of >1010 K/s [54]. This extraordinary reaction conditions enable

the synthesis of nanostructured materials with uniform shapes and narrow size

distribution. The sonochemical method has been successfully applied to the

preparation of numerous nanostructured metal chalcogenides [55, 56], including

copper chalcogenides reported recently by our group [11, 57].

The first sonochemical preparation of NiS nanoparticles was reported in 2002 by

Wang et al. [58] by irradiating an aqueous solution of nickel acetate, thioacetamide

(TAA) and triethanolamine as complexing agent under ambient air. More recently,

De la Parra-Arciniega et al. [59] reported a novel synthesis methodology for

preparation of NiS submicron particles by ultrasonic irradiation of a solution

containing nickel nitrate and TAA in different mixtures of ethanol/ionic liquid. To

the best of our knowledge, no sonochemical synthesis of cobalt sulfides has been

reported up to now, although nanocrystals of some other cobalt binary compounds,

e.g. Co3O4 [60], have been successfully prepared using the sonochemical method.

The present study aimed at successful synthesis of nickel and cobalt sulfides

nanoparticles using low cost sonochemical method. For this, aqueous precursor

solutions of different stoichiometric molar ratios of Ni, Co and sulfides were

prepared from their corresponding acetates.

2. Experimental

All the chemicals used during the synthesis were used as purchased without further

purification. Both nickel and copper precursors, Ni(CH3COO)2 · 4H2O (≥ 99.0%), Co

(CH3COO)2 · 2H2O (≥ 99.0%), were obtained from Sigma-Aldrich. Following sulfur

precursors were used: thioacetamide, C2H5NS (99%, Sigma-Aldrich), thiourea,

CH4N2S (99.8%, Merck), and sodium thiosulfate pentahydrate, Na2S2O3 · 5H2O

(99.5%, Alkaloid). EDTA (99.8%, Kemika Zagreb), and TEA (triethanolamine, 99%,

Carlo Erba) were used as complexing agents.
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In a typical synthesis of nickel sulfides, we dissolved 2.49 g (= 0.01 mol) of Ni

(CH3COO)2 · 4H2O and 0.75 g (= 0.01 mol) of C2H5NS in 50 mL of water in a

100 mL flat-bottomed beaker. The mixture was sonicated in an ambient

atmosphere for 1 h using a Sonics and Materials VCX 600 sonicator (20 kHz,

1 cm2 Ti direct immersion horn) at different amplitudes, namely 30%, 50%, 70%

and 90%. The starting deep green solution turned black after some minutes of

sonication, depending on the used amplitude. The black precipitate obtained after

1 h of sonication was centrifuged at 7000 RPM, washed twice with water and twice

with absolute ethanol and air-dried for 24 h. The supernatant was intense green at

amplitudes of 30% and 50%, indicating incomplete reaction, while it was slightly

green at 70 and 90% amplitude. All further syntheses were performed at 70%

amplitude. In additional experiments, we changed the molar ratio of precursors

from n(Ni): n(S) = 1: 1 to n(Ni): n(S) = 1: 2 and 1: 3, and prolonged the reaction

time to 2 h, using the same experimental procedure as described above. Further

syntheses were carried out using aqueous solutions of complexing agents EDTA

and 3-ethanolamine (TEA) and by replacing thioacetamide as sulfur precursor by

thiourea and sodium thiosulfate.

The same general procedure was used for the sonochemical preparation of cobalt

sulfides: we dissolved 2.13 g (= 0.01 mol) of Co(CH3COO)2 · 2H2O and 0.75 g (=

0.01 mol) of C2H5NS in 50 mL of water and sonicated the solution for 1 h at 70%

amplitude. The red solution turned black after 5 min reaction time. The black

precipitate obtained after 1 h of sonication was handled as described above. Further

experiments involved changing the molar ratio of precursors in the range of n(Co):

n(S) = 1.2: 1 to n(Co): n(S) = 1: 2 and using thiourea and sodium thiosulfate. We

heated the as-obtained amorphous products using a Mettler TGA/SDTA 851e

system and Al2O3 crucibles in the temperature range 30−500 °C in a nitrogen

stream of 100 mL/min with a heating rate of 10 K/min. Further details about

experimental conditions during the syntheses of nickel and cobalt sulfides can be

obtained in Table 1.

X-ray powder diffraction spectra were measured using an AXS-Bruker/Siemens

model D5005 X-ray powder diffractometer (XRD) equipped with a CuKα radiation

source and a graphite monochromator (λ = 1.54178 Å) in the range 20° ≤ 2θ ≤
80°, using a step size of 0.014° and time/step = 1s. The crystallite size of the

nanoparticles, dhkl, was estimated using the Scherrer formula:

dhkl ¼ 0:94λ
βhkl cosθ hkl

Here, λ is the wavelength of the X-ray radiation (nm), βhkl the full-width at half-

maximum (FWHM) of the corresponding peak (°) and θhkl is the Bragg diffraction

angle (°). The effects of instrumental broadening were subtracted by measuring an

external macrocrystalline standard under the same instrumental conditions.
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Table 1. Precursors, molar ratios, reaction conditions and products of the sonochemical syntheses of nickel and cobalt sulfides. Ni(CH3COO)2 · 4H2O and

Co(CH3COO)2 · 2H2O were used as Ni and Co precursors during all syntheses, respectively. Reaction yields were calculated only in cases where nickel or

cobalt chalcogenides without detectable impurities were obtained.

Sample Sulfur precursor Ni: S
molar ratio

Complexing agent Sonication time (min) Amplitude (%) Product(s) Crystallite size (nm) Reaction yield (%)

Ni1 C2H5NS 1:1 - 60 30 - - -

Ni2 C2H5NS 1:1 - 60 50 NiS 13 25.3

Ni3 C2H5NS 1:1 - 60 70 NiS 17 45.5

Ni3-1 C2H5NS 1:1 - 30 70 NiS 17 28.9

Ni3-2 C2H5NS 1:1 - 120 70 NiS 19 46.4

Ni4 C2H5NS 1:1 - 60 90 NiS 18 41.2

Ni5 C2H5NS 1:2 - 60 70 NiS 14 46.9

Ni6 C2H5NS 1:3 - 60 70 NiS 16 71.6

Ni7 C2H5NS 1:1 EDTA, 0.05M 60 70 - - -

Ni8 C2H5NS 1:1 TEA, ≈10% 60 70 NiS 18 75.3

Ni9 CH4N2S 1:1 - 120 70 Ni(OH)2 - -

Ni10 Na2S2O3 · 5H2O 1:1 - 60 70 NiS, Ni3S4 24 (NiS) 5.0 (NiS)

Ni11 Na2S2O3 · 5H2O 1:2 - 60 70 Ni3S4, (NiS) 7 (Ni3S4) 10.3 (Ni3S4)

Co: S
molar ratio

Co1 C2H5NS 1:1 - 60 70 CoS1.097 26 32.1

Co2 C2H5NS 1.2:1 - 60 70 Co9S8 30 49.6

Co3 C2H5NS 1:2 - 60 70 CoS1.097 22 33.3

Co5 CH4N2S 1:1 - 60 70 CoO - -

Co6 Na2S2O3 · 5H2O 1:1 - 60 70 CoO - -
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A Varian SpectrAA-10 flame atomic spectrometer equipped with a deuterium

background corrector was used for the determination of Ni and Co within the

samples. All solutions were prepared using high-purity water. Nickel and cobalt

calibration standard solutions were prepared by diluting the standard stock

solutions containing 1000 mg/L (Certipur, Merck). The samples were placed in

PTFE vessels and heated in microwave oven CEM (MDS 2000) with concentrated

HNO3. After digestion, the solutions were cooled to room temperature and diluted

to a total volume of 50 mL.

For the TEM investigation, the nanoparticles were dispersed in ethanol using an

ultrasonic bath, deposited on a copper-grid-supported perforated transparent carbon

foil and recorded on a JEOL 2100 TEM operating at 200 kV. UV–Vis absorption
spectra of samples dispersed in ethanol by sonication in an ultrasonic bath were

recorded on a Varian Cary 50 Bio UV–Vis spectrophotometer. Infrared spectra

were taken on a SHIMADZU IRAffinity-1 FTIR spectrometer using ATR in the

range 380−4000 cm−1.

3. Results and discussion

3.1. Nickel sulfides

Powder XRD patterns of products, obtained by the sonochemical synthesis from Ni

(CH3COO)2 · 4H2O and C2H5NS (molar ratio 1:1, 1 h sonication time) using

different sonicator amplitudes, are shown in Fig. 1. The average crystallite size was

calculated from the average of the (100) and (110) peaks. It can clearly be seen that

[(Fig._1)TD$FIG]

Fig. 1. X-ray powder diffraction patterns of nickel sulfide synthesized from Ni(CH3COO)2 · 4H2O and

C2H5NS (molar ratio 1:1, 1 h sonication time) by using different sonicator amplitudes.
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the synthesis performed at 30% amplitude yielded no observable crystalline

products, while hexagonal α-nickel sulfide (PDF No. 00-002-1280) nanoparticles

were obtained by using higher amplitudes. The crystallite size of the as-prepared

NiS increased from 13 nm at 50% amplitude to 18 nm at 90% amplitude while the

highest reaction yield was obtained at 70% amplitude. Following the results of

these syntheses, 70% amplitude was used during all subsequent experiments, since

using 90% amplitude did not increase the reaction yield. Shortening the reaction

time to 30 min (Ni3-1, pattern not shown) caused the reaction yield to decrease

significantly, while the shape of the diffraction pattern and the crystallite size

remained virtually unchanged. On the other hand, the diffraction pattern as well as

the reaction yield of NiS obtained by using a longer reaction time of 120 min (Ni3-

2, pattern not shown) was not significantly different when compared to the product

obtained after 60 min. Following the results of those experiments, all the following

syntheses were carried out by using 60 min sonication time. Further details about

reaction products can be obtained from Table 1 (samples Ni1− Ni4).

It should be pointed out that during all syntheses performed in molar ratio 1:1, the

supernatants after the reactions remained green, indicating the incomplete reaction

of nickel. We attempted to ensure the complete reaction of nickel ions by carrying

out additional syntheses using excess amounts of sulfur, n(Ni): n(S) = 1:2 and 1:3.

The XRD patterns (Fig. 2) reveal that nanosized NiS was observed in all cases

while the reaction yield, calculated from the amount of Ni, increased significantly

when using the 1:3 reaction ratio.

[(Fig._2)TD$FIG]

Fig. 2. X-ray powder diffraction patterns of nickel sulfide synthesized from Ni(CH3COO)2 · 4H2O and

C2H5NS by using different molar ratio of precursors.
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It is well-known from literature, including previous reports published by our group

[11, 57], that complexing agents may play a crucial role during the preparation of

nanosized chalcogenides, so additional syntheses were performed in presence of

EDTA and TEA. Surprisingly, the black precipitate obtained in low yield in

presence of EDTA (sample 7) showed no detectable peaks on the XRD pattern,

while the synthesis in presence of TEA (sample 8) was very successful, obtaining

pure NiS in substantially higher yield (75.3%) when compared to the synthesis

performed under the same conditions without any complexing agent (45.5%).

Previous reports have suggested that ultrasonic decomposition of thioacetamide

and subsequent formation of metal sulfides can be summarized as follows [58]:

H2O))) → H· + OH·

C2H5NS + 2H· → H2S + C2H5N·

M2+ + H2S → MS + 2H+ (M = Ni, Co)

nMS → (MS)n

The first reaction represents the formation of primary radicals by sonolysis of

water. The in situ generated H· radical is highly reducing and readily reacts with

TAA to form H2S, which subsequently reacts with M2+ ions to form MS nuclei.

The role of the complexing agent TEA during the reaction may be explained

through the formation of a M-TEA complex before the beginning of the sonication,

which then slowly releases M2+ ions during the reaction.

The morphology of NiS nanoparticles prepared by the sonochemical method using

various amplitudes is shown in Fig. 3 (a−d). All products are strongly agglomerated.

The product obtained by 50% amplitude consists of nearly spherical particles with

diameters in the range 10−20 nm (Fig. 3a) as well as nanorod-shaped particles with

diameter in the range of 10 nm and lengths between 40 and 100 nm (Fig. 3b). Products

prepared by using higher amplitudes (Fig. 3c, d) are more spherical in shape with

diameters between 15 and 20 nm, also strongly agglomerated into clusters. The EDX

analysis of the samples showed the atomic ratio Ni:S = 1:1, thus confirming the

results obtained by powder XRD analysis. Results of Ni determination in samples Ni2

−Ni4 byAAS showed an average composition of 64.3 ± 0.2%Ni (calculated for NiS:

64.7%Ni)while for samples Ni5 andNi6 the results (64.4± 0.3%)were even closer to

the calculated value.

The UV–Vis spectra of NiS samples, obtained sonochemically by using different

amplitudes, are shown in Fig. 4. A baseline correction was applied for all curves. The

transmission edges (λmax) were observed at 330, 360 and 375 nm for samples obtained

by 50%, 70% and 90% amplitude, respectively. The corresponding optical band gap

energies were calculated from Tauc plots using the equation:
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ðαhvÞn ¼ Aðhv � EgÞ

A plot between (αhν)2 vs. (hν) was drawn, α being the absorption coefficient and

hν the photon energy, while n = 2 for a direct transition. By extrapolating the linear

portion of the curve to the x-axis, one can obtain Eg as the intercept [14, 61]. The

corresponding Eg values for NiS samples obtained by 50%, 70% and 90%

amplitude were 3.8 eV, 3.5 eV and 3.3 eV. It is obvious from the results that the

absorption decreases with increasing crystallite size, while the optical band gap

[(Fig._3)TD$FIG]

Fig. 3. TEM images of NiS synthesized from Ni(CH3COO)2 · 4H2O and C2H5NS (molar ratio 1:1, 1 h

sonication time) by using different amplitudes: 50% (a, b), 70% (c) and 90% (d).

[(Fig._4)TD$FIG]

Fig. 4. UV–Vis spectra of NiS samples synthesized from Ni(CH3COO)2 · 4H2O and C2H5NS (molar

ratio 1:1, 1 h sonication time) by using different amplitudes.
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energy is higher for lower grain size particles. The calculated optical band gap

energy shows a significant blue shift over that of bulk NiS (∼ 2.1 eV) [61] which is

in close agreement with those published recently for nanosized NiS [14, 62].

Fig. 5a presents the FT-IR spectrum for the prepared NiS nanoparticles. Broad

bands between 3400 and 3100 cm−1 can be attributed to water adsorbed to the

surface of the sample while bands at 394, 419, 442, 668 and 765 (symmetrical

stretch) and 1060 cm−1 (asymmetrical stretch) are assigned to sulfides, which is in

fair agreement to results published for nanosized NiS [14, 63].

Experiments performed with sulfur sources other than thioacetamide were less

successful. In cases where thiourea was used as sulfur precursor, only Ni(OH)2 was

detected after the reaction. Preliminary results of experiments where Na2S2O3 ·

5H2O and a molar ratio n(Ni):n(S) = 1:1 was used, show the presence of a low-

crystallinity product containing NiS and Ni3S4 in low yield (sample Ni10). By

changing the n(Ni): n(S) ratio to 1:2, nanosized cubic Ni3S4 (PDF No. 00-047-

1739) with traces of rhomboedral β-NiS (PDF No. 00-003-0760) was obtained, as

shown in Fig. 6 (sample Ni11). The AAS analysis showed that the sample Ni11

contained 58.6% Ni, which is higher than the calculated value for Ni3S4 (57.9%),

confirming the results of XRD measurements.

3.2. Cobalt sulfides

The black powders obtained after the sonochemical syntheses from Co(CH3COO)2
· 2H2O and thioacetamide in different molar ratios were in all cases amorphous. To

obtain crystalline products, subsequent heating was necessary. Heating at 400 °C

still produced amorphous products, while nanocrystalline products were obtained

by heating the precursors obtained by the sonochemical reaction for 2 h at 500 °C.

[(Fig._5)TD$FIG]

Fig. 5. FT-IR spectrum of NiS nanoparticles prepared via the sonochemical method.
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The TGA results show that the mass of the powder decreased by approximately 7%

during heating. Fig. 7 represents the XRD patterns of the products synthesized using

various n(Co): n(S) molar ratios. Hexagonal CoS1.097 (PDF No. 00-019-0366) was

prepared from an equimolar mixture as well as from mixtures where a molar ratio n

(Co): n(S) = 1: 2 was used. On the contrary, cubic Co9S8 (PDFNo. 00-019-0364) was

[(Fig._6)TD$FIG]

Fig. 6. X-ray powder diffraction pattern of nickel sulfides synthesized from Ni(CH3COO)2 · 4H2O and

Na2S2O3 · 5H2O (molar ratio 1:2, 1 h sonication time). The indexed peaks can be assigned to Ni3S4. ▼ =

β-NiS.

[(Fig._7)TD$FIG]

Fig. 7. X-ray powder diffraction pattern of cobalt sulfides synthesized from Co(CH3COO)2 · 2H2O and

Na2S2O3 · 5H2O by using different molar ratio of precursors. The indexed peaks on both lower patterns

can be assigned to CoS1.097 while both prominent peaks on the upper pattern belong to Co9S8.
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obtained when a 20% excess of cobalt was used during the synthesis. The results

indicate that the composition of the products can be simply changed by using different

molar ratio of precursors during sonication. Attempts to prepare cobalt sulfides using

either thiourea or Na2S2O3 · 5H2O instead of TAA were unsuccessful, yielding only

CoO in both cases.

TEM images of sonochemically prepared Co9S8 (Fig. 8a, b) reveal polygonal

nanoparticles with average diameters of 20−30 nm, agglomerated into porous

clusters. By the EDX analysis we were only able to estimate the atomic ratio Co:S

close to 1:1, while the results of the Co analysis by AAS confirmed the

observations by XRD: measured 67.3% Co, calculated 67.4% Co. The optical band

gap energy for Co9S8 nanoparticles was calculated from UV–Vis spectra as

described above. The results (λmax = 365 nm; Eg = 3.4 eV) are slightly higher than

those reported in recent literature [64], which can be attributed to strong

dependence of the optical band gap on the crystallite size. The FT-IR spectrum of

[(Fig._8)TD$FIG]

Fig. 8. TEM images of Co9S8 nanoparticles synthesized from Co(CH3COO)2 · 2H2O and Na2S2O3 ·

5H2O (molar ratio 1.2:1, 1 h sonication time).

[(Fig._9)TD$FIG]

Fig. 9. FT-IR spectrum of Co9S8 nanoparticles prepared via the sonochemical method.
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sonochemically prepared Co9S8 (Fig. 9) resembles that of NiS with sulfide

stretching bands at 398, 413, 433, 668, and 1059 cm−1. The small peak at 620 cm−1

should correspond to stretching vibrations of Co atoms on the surface of Co9S8
[64]. A summary of the syntheses performed within this study as well as the

obtained products is given in Table 1.

4. Conclusion

Nickel and cobalt sulfides with different stoichiometries, namely, NiS, Ni3S4,

CoS1.097 and Co9S8, have been synthesized by the sonochemical method. Various

experimental parameters like sulfur precursors, molar ratio of the precursors, the

role of complexing agents, sonication time and power were investigated. NiS

synthesized from Ni acetate and thioacetamide was studied in detail, showing how

the morphology of the product and the optical band gap energy can be altered by

increasing the power of ultrasonic irradiation. The ultrasonic method has shown

advantages when compared to other methods which are nowadays used for the

preparation of sulfide nanoparticles: short reaction times, good yields, easy control

of the process. All of the syntheses were performed in aqueous solutions, avoiding

the use of organic solvents and toxic precursors, thus contributing to green

chemistry approaches.
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