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Shape-controlled synthesis of novel precursor for fibrous Ni-Co alloy powders
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Abstract: A novel precursor of nickel-cobalt alloy powders with an appropriate Ni to Co molar ratio was prepared under selectively
synthetic conditions. The composition and morphology of the precursor were characterized by X-ray diffractometry (XRD), scanning
electron microscopy (SEM), Fourier transform infrared spectrometry (FT-IR) and energy dispersive spectrometry (EDS). The effects
of pH value, reaction temperature, metal ion concentrations and surfactant on the morphology and the dispersion of precursor were
investigated. The results show that the morphology of precursor depends on ammonia content in the precursor. A fibriform precursor
is a complicated ammonia-containing nickel-cobalt oxalate. The uniform shape-controlled fibrous precursor is obtained under the
following optimum conditions: ammonia as complex agent as well as pH adjustor, oxalate as coprecipitator, 50—65 °C of reaction
temperature, 0.5—-0.8 mol/L of total concentration of Ni*" and Co**, PVP as dispersant, and pH 8.0-8.4.
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1 Introduction

Bimetallic nanomaterials are paid to more attention
because of their unique properties including considerable
differences from their monometal counterparts[1]. Ni-Co
alloys, important transition metal alloys, have high
thermal conductivity, thermal stability, electrical
conductivity, electrocatalytic activity and specific
magnetic properties[2]. So they should be good
high-temperature catalysts and specific magnetic
materials, and can be applied in some high-temperature
electrochemical devices, such as solid oxide fuel cells
(SOFCS)[3], electromagnetic devices[4], microwave
absorber and electromagnetic shielding material[5].
Especially, one-dimensional (ID) Ni-Co alloy
nanoparticles are attracted by many scientists due to their
distinctive geometry characteristics and novel chemical
and physical properties such as shape anisotropy,
magnetocrystalline anisotropy and exchange anisotropy.
Many novel techniques have been employed to
synthesize quasi 1D Ni-Co alloy materials including
template[6], liquid-phase reduction[7], electrodeposi-
tion[8], microemulsion[9], sol-gel-thermal reduction[10],
and magnetic-induced carbonyl decomposition[11].

However, the above synthetic methods require the use of
hard templates, surfactant or external forces, which
would result in difficulties in application of magnetic
assemblies as nanodevices.

In the previous literatures, the pure solid solution of
Ni-Co oxalates has been studied by many scientists[12].
Their researches aimed to prepare spherical nickel-cobalt
alloy powders with accurate Ni to Co molar ratios at low
pH values. In our previous research, fibrous nickel and
copper powders were prepared by precipitation-thermal
decomposition method[13—14]. It was found that once
the particles with special morphology are formed, their
basic characteristics, such as morphology, will be
maintained. ZHANG et al[15] has reported that fibrous
Ni-Co alloy powders without expected Ni to Co molar
ratios were prepared by oxalate coprecipitation method.
However, the problem between morphology and Ni to
Co molar ratios cannot be solved. Moreover, the
mechanism of fibre and composition of the precursor are
not fully understood due to preferential precipitation of
nickel oxalate or cobalt oxalate at different Ni to Co
molar ratios. In this study, the morphology-controlled
synthesis of the novel precursors with expected Ni to Co
molar ratios and morphology was carried out and
possible mechanism of formation of the one-dimensional
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precursor particles was proposed.
2 Experimental

2.1 Synthesis process

Nickel chloride, cobalt chloride, oxalate,
ammonium oxalate, polyvinylpyrrolidone (PVP 30),
polyethylene  glycol, polyacry lamide, sodium

dodecylbenzenesulfonate (DBS), Gelafin, Tween 80,
ammonia, ethanol and acetone were used as raw
materials. All of the reagents were of analytical grade
without further purification prior to use. Nickel chloride
and cobalt chloride were mixed in a container according
to different molar ratios of Ni** to Co?". Then the
intimate mixture was injected into mixture-solvent
medium containing oxalate or ammonium oxalate,
organic solution and ammonia by a peristaltic pump
under a certain temperature. Meanwhile, ammonia
solution was added to adjust and stabilize the pH value.
After agitating and aging, the coprecipitate was washed
with distilled water followed by surfactant solution,
ethanol, and acetone. Then the coprecipitate was filtered
and dried in vacuum drier at 100—120 °C for more than
12 h. Finally, the precursor particles were obtained and
subsequently heated at various temperatures in order to
get nickel- cobalt alloy powders. The influencing factors
on the morphology and dispersion of the precursor were
also investigated by using initial molar ratio 4:1 of Ni**
to Co*". Precursor particles with different molar ratios of
Ni to Co were synthesized under the optimum operation
conditions.

2.2 Characterization

The structure and composition of precursor particles
were characterized by powder X-ray diffractometer
(XRD), using Cu K, radiation. The morphology, particle
size and dispersion of the precursor were observed with
JSM—5600LV electron scanning microscope (SEM). The
infrared spectra (IR) were performed in the range of
4 000-400 cm™' by using Nexus470 spectrometer with
the precursor particles dispersed in KBr at room
temperature. Molar ratios Ni** to Co”" were determined
by chemical analysis and energy dispersive spectrometry
(EDS).

3 Results and discussion

3.1 XRD patterns of precursors synthesized at
different pH values
Fig.1 represents the X-ray diffraction patterns of the
precursors prepared at different pH values. It can be
found that XRD pattern of the precursor synthesized at
pH=3.0 overlaps those of a-NiC,0,2H,0 and

p-CoC,042H,0 obtained at pH=3.0. The result
confirmed the occurrence of Ni-Co oxalate solid
solutions as reported by GAO et al[16]. The formula of
the precursor prepared at pH=3.0 could be expressed as
Ni,Co;-,C,042H,0 (x=0—1). However, the other three
XRD patterns of the precursors obtained at pH>6.0 are
obviously different from those of Ni,Co;_,C,042H,0
and even no standard JCPDS card is consistent with
them. Obviously, nickel and cobalt ions react with
ammonia to form Ni,Co,(NHj), (3=1—6) and further
react with oxalate to form a novel precursor due to an
equilibrium between ammonia molecule and ammonium
ions in coprecipitation process when pH>6.0. This novel
precursor is a complicated ammonia-containing nickel-
cobalt oxalate instead of pure Ni,Co,,C,042H,0.
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Fig.1 X-ray diffraction patterns of precursors prepared at
different pH values

3.2 IR spectra of precursors prepared at different pH
values

Fig.2 shows IR spectra of precursor particles
prepared at various pH values. In Fig.2(a), several typical
bands are observed. For instance, the strong band at
3 375 cm ' associates with stretching vibration of
crystallization water; the strong band at 1 624 cm™' is
due to H—O—H bending motion and C=0O stretching
vibration; the sharp doublet at 1 315 and 1 360 cm'
associate with C—O stretching vibration; the medium
band at 824 cm ™' is due to C—C stretching vibration; the
band at 650-490 cm ' is due to M—O linkage. The
above results are consistent with those reported in
Ref.[17]. Fig.2(b) presents a displacement of the bands
from 3 375 cm™' to 3 345 cm . The band at 1 632 cm™
contributes to the shift of band 1 624 cm™' and a new
band at 1 587 cm ' is attributed to N—H bending
vibration. The sharp doublet at 1 315 and 1 360 cm'
become sharp triplet at 1 268, 1 316 and 1 359 cm™' that
are associated with C—O stretching vibration and C=0
stretching vibration, respectively. Furthermore, there are
band displacement at 824 cm ' to 815 cm ' and peak
disappearance in the range of 650—490 cm ', which may
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be relative to the sample preparation process. The IR
spectrum in Fig.2(c) is different from that in Fig.2(a).
Band displacements from 3 375 cm ™' to 3 348 cm ™' and a
new very weak band at 3 284 cm™' are found, the later
attributes to N—H stretching vibration. The band at
1 624 cm™' split into three bands at 1 677, 1 640 and
1 592 cm !, of which the bands at 1 677 and 1 592 cm’!
could attribute to the bending vibration of N—H. In
addition, there are three stretching vibrations of C—O or
C=0 (1361, 1317, 1269 cm ', respectively). In the
range of 824—490 cm', the above three bands positions
are similar to those in Fig.2(a). Moreover, Fig.2(d) shows
the similar IR spectrum pattern to Fig.2(c). Based on the
above analysis, the results show that the precursor is
Ni,Co;-,C,04 without ammonia when pH<6.0. When pH
value increases, more NHj begins to react with precursor,
yielding the precursors of ammonium-containing nickel
and cobalt oxalate rather than the pure precursors of
nickel and cobalt oxalate.

(d)

(c)

(b)

(a)
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Fig.2 IR spectra of precursors at different pH values:
(a) pH=3.0; (b) pH=6.0; (c) pH=8.0; (d) pH=8.6

IR spectrum analysis and NH; emission during
that NH;
molecules exist in the precursor when pH>6.0. In
addition, Ni*" and Co*" reacted with C,0,> at chemical
stoichiometry of 1:1. Therefore, it can be assumed that
the chemical formula is Ni,Co,_(NH3),C,04z(NH3)-nH,0
(x=0-1, y=1-6, z=0—1, n=1-2), where x, y, z and n

thermal decomposition further confirm

depend on experimental conditions.

3.3 Effects of technological conditions on morphology
and particle size of precursor

3.3.1 Effects of pH value

In this study, ammonia was used as pH value
adjustor as well as complex agent in order to minimize
the introduction of impurity ions in the solution. Fig.3
shows the SEM images of the precursors prepared at
different pH values. It could be seen that pH value in
solution plays an important role in the morphology and

size of precursor particles. When pH value is 5.0, the
precursor particles display cubic-like morphology and
the particles are aggregated (Fig.3(a)). When pH values
range from 8.0 to 8.4, the precursor morphology is
fibrous with satisfactory dispersion (Fig.3(b) and
Fig.3(c)). However, when pH value is 8.8, the length of
the fibrous precursor becomes short and the cluster of the
fiber tends to be corroded (Fig.3 (d)). The precursor
formation includes the formation and growth of crystal
nuclear. Under low pH values, the precursor particles
consist of Ni,Co;-,C,042H,0 and the concentration of
free metal ions in solution is very high during nuclear
formation and growth. A high concentration of free metal
ions results in a relatively fast reaction rate, inhibiting
the oriented growth of the precursor particles. With the
increase of pH values, ammonia molecule coordinates
with free metal ions to form complexes. The precursors
are then converted to complicated Ni-Co oxalate
particles after combination with NH;. Thus, the
formation complexes would greatly decrease the
concentration of free Co’"and Ni*"in the solution. Such
a low concentration of Co”"and Ni*" would reduce the
reaction rate, which facilitates the oriented growth and
assembly of the precursor particles. The higher the pH
value is, the more the ammonia exists in the precursor.
Therefore, it is reasonable to conclude that ammonia is
morphology controller and pH value adjustor. However,
at relatively higher pH values (higher than 8.8), more
ammonia molecules could cause the dissolution of
fibrous particles and lower ratio of axis to diameter.
3.3.2 Effects of reaction temperature

As shown in Fig.4, temperature has signification
effects on the morphology and particle size of the
precursor. At relatively low temperatures, the aggregated
precursors are obtained (Fig.4(a)). When the temperature
elevates, the fine long fibrous particles are produced, as
shown in Fig.4(b) and Fig.4(c). When reaction
temperature is 75 °C, heat motion in the system
strengthens, meaning much more opportunities for
particles encountering. As a consequence, the length,
width and thickness of particle increase (Fig.4(d)), and
segregation of metal ions occurs. It is known that the
crystal morphology eventually depends on the relatively
competitive growth of the different crystal face
orientation. The fast growing crystal face will certainly
diminish and the slow growing crystal face may
gradually emerge. The change of the physical and
chemical condition may lead to the change of the unit
structure patterns of the crystal growth and particle
morphology. The temperature finally affects the nuclear
formation and growth because the elevated temperature
is beneficial for lowering the viscosity, increasing ion
diffusion and promoting crystal growth. In this system,
the oriented growth of axial crystal face into fibre was
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Fig.4 SEM images of precursor particles obtained at different reaction temperatures at pH 8.2: (a) 40 °C; (b) 50 °C; (c) 60 °C;
(d) 75 °C
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Fig.5 SEM images of precursors obtained at different metal ion concentrations at pH 8.2: (a) c(Ni*"+C0°)=0.4 mol/L;
(b) c(NiZ*+C0?M=0.5 mol/L; (¢) c(NiZ+Co?")=0.8 mol/L; (d) c(Ni*+Co’")=1.0 mol/L

enhanced by the increased temperature.
3.3.3 Effects of metal ions concentration

Fig.5 displays SEM images of the precursor
particles obtained at different metal ion concentration at
pH 8.2. The morphological features of the precursor
particles were related to the total concentration of nickel
and cobalt ions. When the total concentration of metal
ions is 0.4 mol/L, the precursor particles show
aggregation of stick-like shape and the ratio of axis to
diameter is relatively small (Fig.5(a)). However, the
lengths of the particles increase with the increase of
metal ion concentration, and the particles reveal crystal
face in axial orientation. When the total concentration of
nickel and cobalt ions is higher than 0.5 mol/L, the
precursor particles display fibrous morphology with
satisfactory dispersion, as shown in Figs.5(b) and (c).
When the concentration of metal ions is 1.0 mol/L, the
short-rod precursors are formed (Fig.5(d)). According to
the classical cryarallographic theory, particle formation
includes two processes, nucleation and crystal growth. At
lower metal ion concentration, the saturation degree in

solution is relatively low, meaning slower nucleation rate.

In this case, epitaxial and superficial growths of crystal
predominate, which contributes to perfect crystallinity.
On the contrary, exorbitant metal ion concentration will
favor the explosion of nuclei and losing control of crystal
growth. Therefore, proper initial metal ion concentration

is important for preparing the fine precursor particles
with satisfactory morphology.
3.3.4 Effects of surfactant

Generally, addition of suitable surfactant is useful
for improving the dispersion of the particles and
producing small sized particles with specific morphology.
The effect of the surfactant on the precursor was
investigated and the results are shown in Fig.6. It is clear
that the fibrous particles were obtained with addition of
surfactant PVP 30. Moreover, Tween 80 can improve the
dispersivity of precursor particles. However, this
improvement was not observed for DBS, polyacry
lamide, and polyethylene glycol; and the precursors were
difficult to filter, resulting in the difficulties to be carried
out experiment because of much foam. Gelafin had the
reverse effects on hastening rod-like growth and
aggregation of the precursor particles. Moreover, the
optimum content of the surfactant PVP should be
controlled in the range of 0.1%—0.5% (mass fraction).

3.4 Characterization and
mechanism of precursors
Table 1 represents the chemical contents of Ni*" and
Co®" in the synthesized precursors. The precursors were
formed under the conditions of pH=8.2, ¢(Co>+Ni*")=
0.6 mol/L with varying molar ratios of Ni** to Co”" in
feed solution in terms of the required proportions,

proposed  growth
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Fig.6 SEM images of precursors obtained with different surfactants at pH 8.2: (a) PVP 30; (b) Tween 80; (c) DBS; (d) Gelafin

3 - . TR e

Fig.7 SEM images of precursors with different molar ratios of NiZ* to Co?" prepared at pH 8.2, ¢c(Ni*+Co>")=0.6 mol/L, =60 °C,
0.5% PVP: (a) n(Ni*")/n(Co*")=4:1; (b) n(Ni*"Y/n(Co>"=7:3; (c) n(NiZ"/n(Co*")=3:2; (d) n(Ni*)/n(Co*"=1:1; (e) n(Ni*")/n(Co* =
2:3; (f) n(Ni*")/n(Co*"H=3:7

A
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Table 1 Chemical contents of Ni** and Co®*" in synthesized

precursors

aNiZ)m(Co*™) 41 73 32  1:1 23 37
wNi*)%  28.01 2390 19.98 1576 13.50 9.38
w(Co*)/% 700 1021 1341 16.15 2039 22.05

reaction temperature 60 °C and surfactant 0.5% (mass
fraction). It is found that molar ratios of Ni** to Co*" are
fitted with the required ratios of the feed. The result
confirms that shape-controlled synthesis of the fibrous
precursors with expected molar ratios of Ni** to Co*"
could be obtained by coordination co-precipitation. SEM
images of precursor particles prepared at different molar
ratios of Ni** to Co”" are shown in Fig.7.

The influence of experimental conditions on the
morphology of nickel-cobalt oxalate is closely related to
the structure of oxalate molecules crystal[18]. For the
novel ammonia-containing precursor, the central metal
atom was bonded by two C,04> ions to form a planar
molecule. Perpendicular to the molecular plane there are
two coordinated H,O molecules by which crystal grain
can grow in an elongate way along axial direction. The
surface polar of Ni-Co oxalate molecules is different
when the complex switches from H,O to NHj at different
pH values by adding NHj in the solution. Thus, fibre-like
precursor may be formed through [(NH;)M-OX-
M(NH;)]*" growth units along the axial direction (OX
represents C,O4%", M represents nickel or cobalt ion).
Therefore, the formation ammonia-containing complex
of oxalate nickel-cobalt was crucial to obtain fibriform
precursor. The above complex was generated by
coordination of ammonia and metal ions (such as nickel
and cobalt ions) followed by the reaction with oxalate.

4 Conclusions

1) A novel precursor with required morphology and
appreciate molar ratio of Ni to Co was prepared by
coordinate coprecipitation technique. This precursor can
be used for preparation of nickel-cobalt alloy particles. In
order to obtain the required morphology, the synthetic
conditions of fibrous precursors were chosen as follows:
ammonia as complex agent and pH adjustor, oxalate as
coprecipitated agent, pH 8.0—8.4, reaction temperature
50-65 °C, initial total nickel and cobalt salt
concentrations 0.5—0.8 mol/L, addition of surfactant
reagent (PVP), ethanol as rinsing agent and then 1 h
immersion duration in ethanol. The precursor particles
with different molar ratios of Ni to Co could be
controlled accurately and reproducibly by varying the
n(NiCl,)/n(CoCl,) values in the stock solution using
mixing-solvent medium as coprecipitated medium.

2) At pH<6.0, the formula of the precursor is

Ni,Co;-,C;042H,0 and the morphology is cubic-like
aggregation. However, at pH>8.0, the morphology of the
precursor particles is fibrous and the formula of the
precursor is presumed as  NiCo;(NH3),C,04
zNH;'nH,0, where x, y, z and n represent mole numbers
of the composition and their values depend on
experimental conditions.

3) The crucial point for the formation of fibriform
precursor is to yield ammonia-containing complex of
oxalate nickel and cobalt. This complex is formed via the
coordination of ammonia and metal ions followed by the
reaction with oxalate.
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