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Preparation of Ni particles by ultrasonic
spray pyrolysis of NiCl,-6H,0 precursor
containing ammonia

B. XIA, I. W. LENGGORO, K. OKUYAMA*
Department of Chemical Engineering, Hiroshima University, Higashi-Hiroshima, 739-8527,
Japan

The preparation of nickel particles from nickel ammine complex was studied by ultrasonic
spray pyrolysis in the presence and the absence of hydrogen. In the presence of H, (about
9 vol.%), nickel particles were formed at 500 °C, which is much lower than that reported.
Metallic nickel, together with NiO, was obtained as a major phase at 400°C. In the absence
of H,, metallic Ni was also obtained, but higher temperature (e.g. 900 °C) was needed. It is
suggested that the addition of NH3-H,0O and NH,HCO3 to NiCl,-6H,0 precursor changes the
reaction pathway of Ni formation. By careful control, spherical, solid and well-distributed Ni
particles of about 0.5 um were obtained at a residence time of 7-9 s in the aerosol reactor.
© 2001 Kluwer Academic Publishers

1. Introduction orabove, in which Hconcentration was 16.5 vol.% and
There is an increasing demand for cheap and highthe residence time was about 20 s. Some hollow, slightly
quality multilayer ceramic capacitors [1]. The set-upagglomerated Ni particles with traces of NiO were ob-
step is a high cost process since noble metal electrodégined at lower temperature, e.g. 900. Recently,
are preferably used for high temperature co-sinteringstopic et al. showed that by adding a small amount
of ceramic layer and internal metal electrodes. For exof (0.1 mass%) Pd and Cu, pure Ni particles with good
ample, metal electrode materials (e.g. metallic pallamorphology could be formed at lower temperatures,
dium [2, 3]) are usually estimated to account for 90%e.g. 900°C, from NiCk-6H,O precursor [18, 19].
of material cost [4]. In order to decrease the electrode The complex precursors have been used for spray py-
cost, Pd-Ag alloy (M.P. of Pg/Ag7g is 1220°C) is  rolysis method [20-23]. Based on the common knowl-
also used. Recently, other electrode materials like Nedge that nickel ammine complex can lose Nkpon
(M.P.1455°C) and Cu (M.P. 1083C) are receiving heating, leaving Ni(OH) precipitate in solution, we
increasing attentions because of the good electric coriried to prepare solid Ni particles at lower temperatures.
ductivity, relatively high melting point and low cost [5, The preparation of Ni particles from Ni&6H,O pre-
6]. As a new kind of electrode material, metallic Ni has cursor containing ammonia and ammonium bicarbon-
been prepared by liquid and gas reaction methods [7, 8hte is studied in this paper. It shows that NH,O and
However, the product particles with spherical morphol-NH,HCGO; significantly change the pathway of Ni for-
ogy and non-agglomeration are not readily obtained bynation from NiCb-6H,0.
these methods.

Spray pyrolysis has proved itself a good method for
preparing submicron metal and metal oxide powder2. Experimental
[9-13]. Nagashima and co-workers showed ten yearhli particles were prepared from Ni£6H,O precursor
ago that Ni particles could be prepared by spray pysolution containing agueous ammonia and ammonium
rolysis of Ni(NQ;)2-6H,O and NiCh-6H,0 in H,-No>  bicarbonate (Kanto Chemicals, Tokyo, Japan). The con-
atmosphere [14, 15]. It was also illustrated that porousentration of NiC}-6H,O solution was 0.3 mol/L for
and hollow Ni particles were obtained below its melt- all samples. The synthesis apparatus is shown in Fig. 1.
ing point, i.e., 1600C. Since then, many researchersThere are three heating zones at elevated tempera-
have reported Ni particle formation by spray pyrol- tures, T; (300°C), T, (600°C) and Tz (changeable,
ysis. For example, similar results were obtained by600-1000C), unless otherwise stated. The appara-
Che and co-workers from Ni(N§»-6H,0 precursorin  tus is composed of an ultrasonic atomizer (2.5 MHz,
H>-N, [16]. Stopic and co-workers obtained Ni parti- GAPUSOL 9001, SARL RBI, France), a ceramic tubu-
cles from NiC}-6H,0 in H,-N, atmosphere [17]. twas lar reactor (heating length 1.0 meter, inner diame-
shown that Ni phase could only be obtained at 1GD0 ter 13 mm) and an electrostatic precipitator. In the
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Figure 2 XRD patterns of the powders prepared at 400 and°&00
NH3-H20/Ni =6, NH4HCO3/Ni = 2.
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Figure 1 Schematic diagram of spray pyrolysis apparatus. _ ]
; i | 1000°C  j
presence of bl the carrier gas was a mixture of, H 1. . . . 800°C J\_
and N, in which H, concentration is about 9.1 vol.% + —~ - b
(H2:N,=1:10). In the absence of 4 the carrier ol : I : , s00C ) ]
gas is N. The preparation was carried out at atmo- 1 (b) * NH,H,O/Ni = 9
spheric pressure. Under the assumption that the solu ] -
tion droplets move with the same speed as carriergasire ]
the reactor, the total residence times are 8.6-7.2 s, corS ] . 3
responding tdl; temperatures of 600-100Q. Prod- £ ] ]
ucts were collected in an electrostatic precipitator. The;{ i o ]
precipitator and the connection part were both kept at 2 ] 1000°C ]
150°C by tape heaters. 2 1- 3
Particle morphology was observed using a scanning k I J 800°C L
electron microscopy (JSM 5600, JEOL, Tokyo). Crys- ol ) 600°C  f 1
talline phases were characterized by an x-ray diffraction e ! ——
(XRD) equipment (Rint 2200V, Rigaku, Tokyo) with 1©
CuK, radiation operated at 40 kV and 20 mA. Chlo- ] _
rine content of Ni powder was determined by wave ]
dispersive spectra component (WDS) attached to a ] . 1
SEM (JXA-8900RL WD/ED combined Microanalyser, ] ]
JEOL, Tokyo) operated at 20 kV. The total dwell time 1 )t o
was 250 s for element analysis. 1 & 1000°C L
11 e I\ , 800°C 4]
3. Results and discussion 1| A 600°C
3.1. In the presence of hydrogen 0r p A o - p
Figure 2 shows the XRD patterns of the powders pre- 26°

pared at 400C and 500C from NiCl,-NH3-H,0O-
NH4HCOs solution. Here, NH-H,O/Ni molar ra-  Figure 3 XRD patterns of Ni powders obtained from varioRsvalue

tio is denoted asR. In this research, NFHCO; solutions at different temperatures.

(NH4HCO3/Ni molar ratio is 2) was added tBR=6

solution to form stable solution becauBe=6 is not Figure 3 shows the XRD patterns of the powders ob-
high enough to stabilize [Ni(Ng)x]>" (x=0-6, de- tained from different R-value solutions at 600—1000
pending on the concentrations of Ni(ll) and BlH,O) It shows that Ni particles without NiO were obtained
complex ions at room temperature. The reactions wer&om all solutions at all temperatures. The Ni peaks be-
carried out afl; = T, =200°C, T3 =400 or 500C. It come more intense and sharper at higher temperature,
is shown in Fig. 2 that metallic nickel can be obtainedshowing the better crystallinity. ThHe =9 sample has

at 500°C. At 400°C, metallic nickel is a major phase the highest peak intensities at 6@and 800 C among
together with NiO. NHCl is identified in the XRD pat- the three samples, while the three samples have similar
terns, which will be discussed in Section 3.3. peak intensities at 100C.
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Figure 5 SEM image of the Ni particles formed at 1000 from R=9
solution containing NHCO;3 ([NH4HCO3] = 0.3 M).
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Figure 6 XRD patterns of the samples obtained from different solutions
at various temperatures in the absence of hydrogen. It shows that higher
R-value solution can form metallic nickel at lower temperatuse.Ni,

0: NiO, *: NH4ClI).

cle morphologies were formed from NHCO; con-
taining and non-containing solutions, the particle size
was slightly better distributed in the case of adding
Figure 4 SEM images of the Ni powders prepared at 8G0from dif- NH4HCGs. Hovyever_, the amount_Of NHHCO3 ShQUId
ferent solutions. (aR=6, (b) R=9, and ()R = 12. be controlled since improperly high concentration can
deteriorate particle morphology.
As shown in Fig. 2 (also in Fig. 6), NiO, instead of

Figure 4 shows the SEM images of the powders preNiCl,, was formed as an intermediate phase from
pared at 800C from different solutions. As it shows, NiCl,-NH3-H,O (NH4HCO3) complex solutions and
some porous and irregular-shaped particles are olthen it was reduced to Ni particles by, Hn contrast,
served forthdk = 12 sample. A smallamount of porous in the case without any additives, it has been suggested
particles are also observed for tRe= 6 sample, while that NiCh would be directly reduced by Hgas as
the R=9 sample consists of solid particles. Therefore follows [17]:
the particle morphologies formed at 88D change with
the precursor solutions. This situation also holds for the NiCl> + H, = Ni 4+ 2HCI
samples prepared at 600. However, the samples ob-

tained at 1000C have similar particle morphologies, Therefore, it is clear that the addition of N#H,0/

i.e.,_spherical, solid parti(_:IeS have been.Obtained. NH4HCO; changes the reaction pathway of nickel
Figure 5 shows SEM image of the nickel powdersfgrmation.

prepared at 1000C from the R=9 solution contain-

ing NH4HCO;. As shown in this figure, the particles

are solid, spherical and well-distributed with an average3.2. In the absence of hydrogen

size of about 0.5um. It has been found that in addition Since ammonia is a kind of reductive gas, it is interest-
to improving the atomizing stability of [Ni(NE)x]>"  ing to know whether metallic nickel can be formed in
complex, NHHCO; has other effects on products. For the absence of hydrogen gas. Fig. 6 shows some XRD
example, it was observed that though similar parti-patterns of the samples formed from different solutions
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Figure 7 SEM images of NiO particles obtained at 8@in the absence of H(a) R=9, and (b)R=12.

at various temperatures. For these cases, nitrogen wf~m
the carrier gas. For thR =6 sample, no pure Ni was
formed at 1000C or below, and the mixture phases of
Ni and NiO were obtained at this temperature. In ad-
dition, only NiO was obtained at 90€C. In the case
of the R=9 sample, phase pure Ni was obtained al
1000°C, but only NiO phase was obtained at 9@
However, phase pure Ni was obtained at both 1@D0 I A ped v Lo o 1
and 900 C from theR = 12 solution. The above results f vee e kLo e Lm
indicate that the formation of Ni phase is correlated withigrm;
Rvalue, or NH-H,O concentration in the starting solu- T
tion. Therefore, itis possible to obtain metallic nickel at
lower temperature if ammonia concentration is furthel
increased.

It was observed that the particle morphologies ob
tained at 1000C were similar to each other for the
R =9 and 12 samples. However, at lower temperature Mt LK ; ;
e.g. 800°C, NiO particles were obtained and have dif-} . e e e
ferent morphologies shown in Fig. 7. It shows that the
R =9 sample consists of spherical and solid NiO par-
ticles. In addition to spherical and solid particles, theFigure 8 WDS of R=12 sample after purification, showing no evi-
R= 12 sample also contains some irregular-shaped arﬁfnc_e.of chlorine. The sample was prepared at'@) he purification

. . condition: 400°C x 2 h, N, atmosphere.

porous NiO particles.

There may be two mechanisms for the intermediate

NiO to be reduced to metallic Ni under present exper- L
imental conditions. One is the direct reduction of Ni0O €S- At 1000C, no NHCI is indicated for all sam-

by NHz gas. The other is associated with the possibleples due to the formation of dense particles at this high

; : : temperature.
generation of H gas during spray pyrolysis because . )
NiO is a catalyst. Clearly, more experiment is needed NH,Cl can be removed by one of the following ways:

to study the reduction mechanism. 1) Keeping the product collector at above the subli-
mation temperature;

2) Heating the product at above the sublimation tem-
3.3. NH,4Cl and its removal perature;
NH4Cl is present in product powders formed below  3) Washing the product with solvent.
1000°C, as shown in Figs 2, 3 and 6. As well known,
NH4CI sublimates at 340C and melts at 520C. The Heating was carried out at 40Q for 2 hoursina M
evolution of NH,Cl gas (or decomposed to NFand  atmosphere to remove NBI. Higher temperature can
HCl gases) at above its sublimation or melting points isbe used if the improvement of crystallinity is aimed to.
believed to be responsible for the formation of porousFig. 8 demonstrates the wave dispersive spectra (WDS)
particles (e.g. Fig. 4). Upon exiting the reactor, it canfor the R=12 sample prepared at 600 that contains
condense onto the particle surface and cause agglomehe greatest amount of N)@I shown in Fig. 3. The
ation. If a particle is porous, NA€I can condense not dotted lines indicate the wavelengths of the strongest
only onto the particle surface but also into the innerpeaks for Ni K, 1.659A) and CI (K, 4.729A). As it
part. Therefore, different amounts of &I were ob-  shows, the Ni peak intensity at 1.6B89is as high as
served in Fig. 3. At 600C and 800C, theR=9sam- 3300 cps, while no peak at 4.729 is indicated for
ple has the smallest amount of NEI, among the three CI and all background is below 10 cps. Therefore, no
samples. This agrees well with its solid particle struc-chlorine can be detected by WDS after purification.

Ni
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4. Conclusion 4,
The preparation of metallic nickel submicron particles
from NiCl,-6H,0 precursor solution containing ammo-
nia and ammonium bicarbonate was studied by ultra-
sonic spray pyrolysis. It was shown that the additives

significantly changed the pathway and the mechanismz.

of Ni formation. o

(1) Nickel particles was formed at 50CQ, while
Ni/NiO mixture phases were obtained at 4@ and
Ni was the major phase;

(2) NH3-H2O/Ni and NHHCOg/Ni molar ratios ;.
have remarkable influences on particle morphology.
By careful control, spherical, solid and well-distributed 11.
nickel particles of about 0.6m were formed from 12
nickel ammine complex precursor; 13

(3) In the absence of hydrogen gas, Ni particles can™
also be obtained but at higher temperatures, e.g?G00 14,
The formation of metallic nickel is correlated with
NH3-H,O concentration. Higher concentration favors 15
the formation of metallic Ni at lower temperature.

(4) NH4Cl was present in the powders prepared be-
low 1000°C, which was an indicator of particle mi- 17,
crostructures. It has unfavorable influence on products,
but it can be removed by heating the powder in N 18.

9.

19.
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