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Abstract Amorphous  spherical 
particles of nickel sulfide of 10 nm in 
diameter were synthesized by the 
controlled double-jet precipitation 
(CDJP) technique using nickel sulfate 
and sodium sulfide. Cubic crystalline 
particles of ~200 nm were obtained 
by aging dispersions of amorphous  
particles at 80 ~ for more  than 
a week, as long as the pH was kept 
between 3 and 3.5. Electrokinetic 

mobilities of these particles are 
reported, as well as color propert ies  
of their dispersions in liquids and 
in poly(vinyl alcohol) films are 
described. 
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Introduction 

Several studies dealt with the preparation of uniform metal 
sulfides using different procedures, In a two-step process 
cadmium or zinc sulfide "seeds" were first precipitated in 
acidic solutions containing the metal salt and thioacetam- 
ide (TAA), which in the presence of additional amounts of 
TAA were further aged at an elevated temperature [1, 2]. 
Another method was based on the phase transformation 
through a rapid dissolution of a metal hydroxide, caused 
by the reaction of metal ions with S z-  released from TAA 
[3]. In the described cases TAA served as the reservoir 
for the sulfide ion. Alternatively, several monodispersed 
metal sulfides were prepared by aging aqueous solutions 
of the corresponding metal complexes saturated with HzS 
at room temperature  [-4 6]. The described procedures 
yielded particles in the submicron size range. 

More recently, it was shown that nanosized palladium 
sulfide could be obta ined by the controlled double-jet 
precipitation process (CDJP) [7]. In this work, uniform 
nickel sulfide particles of ~ 10 nm in size were prepared by 
the same process using different nickel salts and sodium 
sulfide. The so-generated amorphous  nickel sulfide was 

converted to cubic crystalline particles of ~ 2 0 0  nm by 
aging the original dispersions at 80 ~ for long periods of 
time. The original nanosized particles were also incorpor-  
ated into polymer films and their optical properties were 
evaluated. 

Recently, the interest in nickel sulfide has increased 
due to its color and electric characteristics [8, 9]. The  
same material may be used as a promising black pigment,  
which has some advantages over other such solids (e.g. 
carbon black), because uniform particles assure the color  
reproducibility. 

Experimental 

Materials 

All inorganic chemicals were reagent grade and were not  
further purified. The N a z S - 9 H 2 0  solution was freshly 
prepared before each experiment.  All solutions were fil- 
tered through 0.2/ tm pore size membranes before use. The  
surfactant AVANEL S-150 C G  ( P P G  Ind.) was received as 
a 35 wt% aqueous solution. 



594 Colloid & Polymer Science, Vol. 275, No. 6 (1997) 
�9 SteinkopffVerlag 1997 

Preparat ion of particles 

Nickel sulfide was prepared by the controlled double-jet 
precipitation (CDJP)  which involves simultaneous addi- 
t ion of two reactant  solutions by means of peristaltic 
pumps into a solution in a reactor [10]. In the present 
work, 50 cm 3 each of nickel sulfate and sodium sulfide 
solutions were in t roduced at a constant  flow rate of 
10 cm 3 min -  1 into 100 cm 3 of an aqueous solution, con- 
taining surfactant A V A N E L  S-150 CG (S-150), followed 
by aging for 5 min. The entire process was carried out at 
the ambient temperature.  The concentrat ion of reactants, 
the nickel salt and sodium sulfide, was varied from 0.02 to 
0 . 5 m o l d m  -3, while the mole ratio [NiZ+]/[-S 2 - ]  was 
kept  constant at 1, with 0 5 g d m -  3 of the surfactant in 
the solutions used in these experiments. The stability of 
nickel sulfide dispersions was investigated over the pH 
range 8-2, which was altered with HzSO4, immediately 
after the C D J P  was completed. Experiments with other 
nickel salts (NiCI2, Ni(NO3)2) were carried out  to evaluate 
the effects of different anions on the particle properties. 

In aging experiments,  the pH  of dispersions of 
amorphous  particles was adjusted with either H2SO4 or 
N a O H  from 2 to 11, which were then kept at 80~ for 
various periods of time in sealed containers with no stir- 
ring. In some cases, an open vessel was used to evaluate the 
possible effect of oxygen on the final solids during the 
aging process. 

For  t ransmit tance measurements,  nickel sulfide pre- 
cipitates were washed five times with water, separated by 
centrifugation, and dried in vacuum at 50 ~ for 12 h. 0.1 g 
of the dry powder  was dispersed in 500 cm 3 of a solution 
containing 0.3 g S-150 while in an ultrasonic bath for 
1-2 h. For  the prepara t ion  of films, 3 g of solid poly(vinyl 
alcohol) (MW ~ 2000) was added to 10 cm 3 of the dis- 
persion, which was agitated overnight. The resulting 
highly viscous liquid was spin-coated at 500 rpm on thor- 
oughly cleaned 5 • 5 cm glass plates as described elsewhere 
[11]. The t ransmit tance spectra of nickel sulfide disper- 
sions and films were recorded with a Perk in-Elmer  
Lambda  6 UV/vis spectrophotometer .  

for standard samples. Differential thermal (DTA) and 
thermal gravimetric (TGA) analyses were carried out at 
a heating rate of 10~ rain-1 in nitrogen atmosphere. 
To evaluate the electrokinetic mobilities, the particles 
purified as before were dispersed in a 0.01 tool d in-  3 NaC1 
solution. The mobilities were measured with the PenKem 
3000 instrument 5 min after the pH of the dispersion was 
adjusted with HC1 and N a O H ,  as needed. 

Results and discussion 

Amorphous spherical particles 

The precipitation of nickel sulfide by the CDJP  process 
resulted in extremely small particles, the size of which 
was independent of the concentrations of reactants 
(0.02-0.5 mol d m -  3) and of the surfactant (0 5 g d m -  3), 
as well as of the kind of nickel salts employed. A typical 
TEM of such particles (Fig. 1) indicated diameters of 
5-10 nm and the X-ray diffraction of these solids shows 
them to be amorphous  (Fig. 2a). 

The presence of a surfactant, such as S-150 used in 
this work, prevents aggregation of the dispersed matter. 
Enhanced stability could also be achieved by lowering 
the pH with H z S O  4 to 3-4,  immediately after the 
CDJP was completed. A dispersion that contained a high 

Fig. 1 Transmission electron micrograph (TEM) of a nanosized 
amorphous nickel sulfide, prepared by the controlled double-jet 
precipitation (CDJP) using solutions of 0.02 mol dm- 3 NiSO4 and 
Na2S each, that were introduced at the rate of 10 cm 3 min- 1 into 
100 cm 3 of an aqueous solution containing 0.525 g AVANEL S-150 
surfactant at 20 ~ 

Character izat ion 

The particle morpho logy  was inspected by transmission 
(TEM) and scanning (SEM) electron microscopy and the 
size distribution was determined by dynamic light scatter- 
ing with a DLS BI-200SM instrument. Energy-dispersive 
X-ray analysis (EDX) was used to examine the composi- 
t ion of the solids, while the crystal structure of the particles 
was established by X-ray powder  diffraction (XRD) using 
CuK~ radiation and identified by comparison with data 
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Fig. 2 XRD pattern of(a) amorphous particles shown in Fig. l, and 
(b) cubic particles shown in Fig. 4b 
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Fig. 3 Differential thermal analysis (DTA) of amorphous particles 
shown in Fig. 1 and of crystalline particles shown in Fig. 4b in 
nitrogen atmosphere at the heating rate of 10 ~ rain-1 

concentrat ion of S-150 (e.g. 5 g dm 3) at a low pH (e.g. 3) 
remained stable for more than two months without sett- 
ling. 

The EDX of amorphous  particles obtained in a 
solution with pH 8.5 showed that, in addition to nickel and 
sulfur, there was a very small amount  of oxygen in their 
composition. The TGA of the same particles in nitrogen 
gave a weight loss of 18.6% on heating to 230~ and 
51.7% to 580 ~ The DTA (Fig. 3) at the same condition 
as T GA indicated an endothermic process at ~130~ 
which can be attr ibuted to dehydrat ion of the sample, but 
no other thermal process was evident up to 600 ~ 

It is generally accepted that the precipitation in aque- 
ous solutions does not yield pure NiS. Various forms of 
nickel sulfide can be produced,  depending on the pH of 
the solution. For  example, in acidic solutions Ni(HS)2 was 
initially formed, then transformed to c~- and/3-NiS [12]. In 
alkaline or neutral solutions ~-NiS and Ni(OH)(HS) pre- 
cipitated [13, 14]. The weight loss in TGA does not agree 
with any single composit ion described above, which sug- 
gests that the amorphous  particles may be a mixture of 
two or more complexes of nickel sulfide. 

Crystalline cubic particles 

Colloidal cubic nickel sulfide was formed on aging dis- 
persions of amorphous  particles prepared as described 
above. Electron micrographs in Fig. 4 illustrate such 
solids obtained under conditions given in the legend, 
which have a mean size of 180 +_ 12 rim. Actually, it was 
established that the crystallization process was completed 

sooner  (after 3 days) with no further change in the particle 
size. 

The chemical analysis with EDX shows that the cubic 
particles are composed of nickel and sulfur. The XRD 
pattern (Fig. 2b) of the collected solids displays five 
major  peaks characteristic of NiS2, confirming particle 
crystallinity. T G A  of cubic particles in ni trogen gives 
a weight loss of 40% between 100 and 700~ while 
the DT A (Fig. 3) has two endothermic peaks a round 
140 ~ and 450 ~ probably due to dehydra t ion  and sulfur 
sublimation. 

These uniform cubic particles were formed under 
a nar row set of conditions, with the pH in the range of 
3-3.5 being an essential parameter.  In dispersions of 
3.5 < pH > 4 such particles appear  very slowly, and at 
pH > 4, no cubes could be observed even after aging at 
80 ~ for two weeks. At pH < 3 irregularly shaped solids 
were produced in low yield, due to the removal  of sulfide 
from the system as HzS. 

The described cubic particles were formed only when 
NiSO4 was used in the preparat ion of the amorphous  
precursors. In systems with Ni(NO3)z-HNO3,  sulfide was 
oxidized to sulfur and its oxides in a short time, while those 
with NiClz-HCI  yielded only a few cubic particles after 
2 weeks of aging. 

To confirm the role of the sulfate ion in the format ion 
of cubes, a dispersion of amorphous  particles was prepared 
with NiSO4, and thoroughly washed four times with distil- 
led water until no trace of sulfate ions could be detected 
with BaC12. This dispersion was then acidified with 
HC1 to pH 3.2 and one part  was aged at 80~ for one 
week. To the other part was added Na2SO4 to yield 
1 x 10 -2 mol dm -3 of SO~- and it was again aged as the 
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Fig. 4 Scanning electron micrographs (SEM) of nickel sulfide 
particles prepared by the CDJP using 50cm 3 of 0.05 mol dm 3 
solutions of NiSO4 and Na2S each, that were introduced into 
100 cm 3 solution containing 0.14 g S-150 surfactant, after acidifica- 
tion of the obtained dispersion to pH 3.0, and aging it in a closed 
container at 80 ~ for (a) 5 days, (b) 12 days 

first sample. The dispersion containing only C1 ions re- 
mained  essentially unchanged, while in the presence of 
N a z S O  4 the particles turned into cubes, proving the 
critical role this anion played in the t ransformat ion  pro- 
cess. M a n y  research results on the format ion  of nickel 
sulfide indicated that  in acidic solutions the action of 
sulfate ion led to solids less rich in the metal  [15-17]. 
In view of the valence change of the sulfur ion, the 
following reaction may take place during aging at high 
temperature:  

2NiS + 2H2SO 4 ---~ NiS2 -t- NiSO4 + H2SO 3 + H 2 0  . 

Fig. 5 SEM of nickel sulfide particles prepared under the same 
conditions as in Fig. 4b, except the precursor dispersion was kept in 
an open container for one hour before it was aged at 80 C in a sealed 
container for 12 days 

It  would seem then that  the original amorphous  particles 
dissolved on aging at elevated tempera ture  under  the influ- 
ence of sulfate ions, which produced disulfide resulting in 
crystalline NiS2, 

The amount  of S-150 in the dispersions affected the 
formation of cubic particles. While a min imum concentra- 
tion of S-150 (e.g. 0.2 g dm -3) was necessary to keep the 
dispersion stable, high concentrat ions (e.g. 2 g d m - 3 )  in- 
hibited the format ion of cubic particles. In the latter case, 
the surfactant prevented the dissolution of the original 
amorphous  particles, hence, the recrystallization did not 
take place, which may  be due to their incorporat ion into 
micelles of S-150. 

The oxidation of S 2- affected the nature  of particles 
obtained on aging. Thus, the nickel sulfide dispersion 
obtained in an open vessel under stirring for 1 h before it 
was sealed and kept at 80 ~ consisted of nearly spherical 
nanosized particles (Fig. 5). On aging the system in an 
open container  for 5 h, the sulfide was totally oxidized to 
sulfur and nickel ions were released into the solution. 

Properties of the particles 

Figure 6 gives the electrokinetic mobilities of aqueous 
suspensions of cubic particles as a function of the pH at 
a constant  concentrat ion of NaC1 (0.01 mol dm-3) .  The 
isoelectric point (i.e.p) was found to be at the high pH 
value of 9.9, which is close to that of the Ni(OH)2 (pH 9.7) 
[18a, b]. Extensive work has been devoted to the study of 
surface chemistry of metal  sulfides [19 21]. It was in- 
dicated that the complicated trend of these mobilities was 
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Fig. 6 Electrokinetic mobilities of cubic NiS2 particles shown in 
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Fig. 8 Transmittance spectra of amorphous and of crystalline 
particles in poly(vinyl alcohol) films containing 0.07 wt% of nickel 
sulfide. The thickness of the film was 30/tin 
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Fig. 7 Transmittance spectra of aqueous dispersions of amorphous 
and of crystalline particles containing 0.2 g dm 3 nickel sulfide Fig. 9 SEM of the same NiS2 particles as in Fig. 4b 

due to the oxidation of the sulfide surface and reabs- 
orption/precipitation of the Ni 2 +. Generally, S 2- ions are 
oxidized first to S ~ S~O~- (e.g. $ 2 0  2-) and tetrathionate 
($4062-), which are relatively soluble compounds.  At the 
low pH, Ni 2 + ions are released into the solution leaving 
the anions on the surface, which cause the mobility values 
to be less positive or even negative, depending on the 
extent of oxidation. With increasing pH, Ni(OH) + ions are 
adsorbed on the surface, leading to a maximum in the 
mobility curve. At the high pH, sulfide surface is coated 
with a hydroxide film, resulting in the electrokinetic be- 
havior similar to that of nickel hydroxide. 

The transmittance spectra of both amorphous  and 
crystalline nickel sulfide aqueous dispersions, containing 
0.2 g dm -3 solids, as well as of 30 #m thick poly(vinyl 
alcohol) films, containing 0.07 wt% particles indicated 
that light was absorbed over the entire visible range 
(Figs. 7 and 8). The dispersion and the film of amorphous  
particles showed a brown color, due to the small particle 
size. However, the color of dispersion of cubic particles 
was pure black. The extinction coefficient of aqueous dis- 
persions of amorphous  and cubic particles is estimated to 
be of the order of 103-104 m o l -  1 dm 3 c m -  1 which is the 

same as that of carbon black [22]. 
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Pa r t i c l e  f o r m a t i o n  m e c h a n i s m  

T h e  resul ts  p r e sen t ed  in this  w o r k  can  be used  to  offer 
a m e c h a n i s m  of  r e c r y s t a l l i z a t i o n  o f  n ickel  sulf ide par t i c les  
f rom a m o r p h o u s  to  cubic .  The  key  ro le  of  the  p H  in the 
p rocess  can  be e x p l a i n e d  by  the d i s s o l u t i o n  of  the  nickel  
sulf ide p r ec ip i t a t e  in ac id i c  so lu t ions .  T h e  d i s so lved  sulfide 
fo rmed  crys ta l l i t es  of  NiS2,  af ter  an  o x i d a t i o n  r eac t ion  
u n d e r  the  inf luence  of  sulfa te  ions.  

Recent ly ,  m a n y  s tud ies  [23, 24] i n d i c a t e d  t ha t  the 
c onc e p t  in L a M e r ' s  m o d e l  for  the  f o r m a t i o n  of  un i fo rm 

p rec ip i t a t ed  co l lo ids  seems to be app l i cab le  only  to  
the  ear ly  s tage of  the  so l id  p h a s e  format ion .  F igure  9 is 
the  S E M  of the s a m e  s a m p l e s  as in Fig. 4b, which  shows 
tha t  the  final p r o d u c t  was  bu i l t  up  of  nanos ized  subuni ts ,  
obv ious ly ,  by agg rega t ion .  T h e  m e a n  crys ta l l i te  size cal-  
cu l a t ed  f rom the ana lys i s  of  the  X R D  line b r o a d e n i n g  
us ing the Scher re r  f o r m u l a  [25]  was 26 nm. O n e  m a y  
conc lude  tha t  n a n o s i z e d  c rys ta l l i t e s  were fo rmed  first, 
which  a gg re ga t e d  in to  l a rge  u n i f o r m  cubic solid. 
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