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Abstract This paper presents a facile and rapid synthesis
route of metallic Ni and Co nanocrystallites at ~ 150 °C in
the mixture composed of the corresponding metal nitrates
and 1,3-propanediol, as reducing agent. The metal oxides
NiO, CoO, Co3;04 nanocrystallites were, also, successfully
synthesized by thermal decomposition at 300 °C of the
hydroxycarboxylate coordination products, obtained in the
redox reaction between 1,3-propanediol and Ni(II) and
Co(Il) nitrates. The formation of the Ni(II) and Co(II)
hydroxycarboxylate complexes depends on the diol which
generates the carboxylate anion, the transition metal and
the process parameters. Ni(II) and Co(II) nanocomposites
were also synthesized by thermal decomposition of the
complex combinations formed within the pores of the
hybrid silica gels. One of the purposes of the present study
was to investigate the phase constitution of the composites
obtained in similar synthesis conditions, from Ni(II) and
Co(II) complex combinations embedded in silica gels.
These gels were submitted to various thermal treatments
and the changes occurring during these treatments were
described by X-ray diffraction. Thermal analysis is an
excellent tool for the study of the processes implied in the
formation and decomposition of the Co(II) and Ni(Il)
carboxylate complexes. X-ray diffraction evidenced the
nanometer sized metal and/or metal oxide phases.
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Introduction

In recent years, Ni and Co nanosized materials have
become one of the most interesting materials in research
communities due to the diverse promising applications in
the field of catalysis, magnetism, magnetic recording
media, and electrodes [1-3].

Transition metal oxides exhibit acidic or base properties,
which make them appropriate as supports for highly dis-
persed metal catalysts or as precursors for metal phases. As
with most materials, many of the properties of metal oxides
(NiO, CoO) or of transition metals (Ni, Co) depend
strongly on the preparation procedure employed in their
synthesis [4-9].

Because of the volume effect, the quantum size effect
and the surface effect nickel oxide (NiO) is one of the most
important transition metal oxides and has applications in
diverse fields [10-13]. Most of these applications require
particles with small and narrow size distribution. Through
many years of investigation, the interest has been focused
on synthesis, characterization, and properties of cobalt
oxides [14]. Cobalt oxides comprise two readily accessible
cation oxidation states: Co>* and Co° *, which are ther-
modynamically competitive under common ambient con-
ditions, and two species of cobalt oxide (CoO, Co30,4)
which are stable in the natural environment [15, 16]. The
properties of these oxides depend on their morphology and
particle size.

The researcher’s attention is mainly oriented toward a
more efficient control of the purity, homogeneity, grain
size, porosity, morphology, phase composition, and texture
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of the product. The transition metal oxides undispersed and
dispersed in different matrices can be obtained by con-
ventional and unconventional synthesis methods: micro-
wave-assisted synthesis [17], sol-gel methods [18], thermal
decomposition method [19], and reduction in aqueous
media [20].

Our previous studies have shown that the thermal
decomposition of homopolynuclear complex combinations
generates a reducing environment (CO, C) which implies
gas—solid surface phenomena leading to species such as
metal oxides [21]. The embedding of these complex
combinations within the pores of organic—inorganic hybrid
gels (TEOS-diol) allows the obtaining of oxide nanosys-
tems uniformly distributed at molecular level. The thermal
decomposition, at low temperatures, of these complex
combinations embedded in silica gels followed by appro-
priate thermal treatments leads to nanocomposites with
directed properties [22, 23].

This study is dedicated to the original, facile and rapid
synthesis of nanosized metallic Ni and Co at ~150 °C, in
the mixture composed of the corresponding metal nitrates
and 1,3-propanediol, as reducing agent. By thermal
decomposition of the Ni(II) and Co(II) hydroxycarboxylate
type complexes at 300 °C, NiO and CoO are obtained.
Another original synthesis method presented in this study
is the “modified sol-gel method,” which consists in the
formation and decomposition of the Ni(Il) and Co(II)
hydroxycarboxylates inside the silica gel. This method
allows the obtaining of Ni(II)- and Co(II)-based nano-
composites. This work also may contribute to further
understanding and optimization of these synthesis tech-
niques, which will act as novel routes in developing Ni and
Co nanoscale materials as advanced materials.

Experimental

Materials and preparations

Method 1

The reagents used for the synthesis of the coordina
tion products were the metal nitrates Ni(NO;),-6H,0,

Co(NO3),-6H,0, and 1,3-propanediol (1,3PG), of analytical
grade purity, purchased from Merck.

Table 1 Synthesis characteristics for the prepared gels
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Fig. 2 Thermal curves of Ni(Il) hydroxycarboxylate synthesized at
140 °C

Two solutions were prepared: Sy; (Ni(NOj3),-6H,O—
1,3PG) and S, (Co(NOs3),-:6H,0-1,3PG) in the molar ratio
1,3PG:NO3 = 3:8 according to the equation presented
below:

3HO — CH, — CH, — CH, — OH + 8NOj +2H"
< 3700C — CH; — COO™ 4 8NO + 10H,O

In the synthesis, there was used an excess of 50 % 1,3-
propanediol calculated to the nitrate anion (1,3PG:NO3 =
2.25:4).

According to the synthesis method [21, 24, 25], the
oxidation of 1,3PG by metal nitrates (Ni(NOj3),-6H,0,

Gels Mass% Quantity/mol Molar ratio
MO/SiO, ) _
Ni(NO3),-6H,0 Co(NOs),-3H,0 TEOS 1,3PG H,O TEOS:NOj3:1.3PG:H,0
Gni 30/70 0.012 - 0.035 0.0135 0.140 1:0.686:0.386:4
Geo 30/70 - 0.012 0.035 0.0135 0.140 1:0.686:0.386:4
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Fig. 3 FT-IR spectra of Ni(I) carboxylate (@) and Co(Il) carboxylate
(b) heated at 140 °C

Co(NOs),-6H,0) takes place with formation of the com-
plex combinations, of malonate type, in the reaction sys-
tem. For the initiation of the redox reaction, the solutions
were heated at a controlled temperature. Depending on
temperature, the redox reaction occurs differently:

(a) The redox reaction takes place at a controlled
temperature (~ 140 °C), when the complex combina-
tion can be synthesized and isolated;

(b) The redox reaction takes place simultaneous with the
combustion of the complex combination (the ligands
burning) at temperatures higher than 150 °C.

Fig. 4 Synthesis photos:

a solution Sy;; b redox reaction
and combustion; ¢ expanded
product; d magnetic Ni

Method 2

For the synthesis of the coordination products embedded
in silica gels were used metal nitrates: Ni(NO;),-6H,0,
Co(NO3),-6H,0, 1,3-propanediol (1,3-PG) and tetraethyl
orthosilicate (TEOS), ethanol (EtOH), water, and nitric
acid. All reagents were of analytical purity and purchased
from Merck.

The preparation of the gels for composites with 30 wt%
metal oxide/70 wt% SiO, was achieved by dissolving the
metal nitrates in the corresponding 1,3-PG, water and
TEOS amounts. The reagents’ amounts were calculated for
3 g of nanocomposite (30 %NiO/70 %SiO, and 30 %CoO/
70 %Si0,, respectively) (Table 1).

The ethanolic TEOS solution was added dropwise,
under intense magnetic stirring, to the metal nitrates-diol
solution. After 30-min stirring, the solutions were left for
gelation at room temperature, for ~ 116 h. The obtained
gels were dried at 40 °C for 6 h and then thermally treated
at 140 °C, for 5 h, at ambient temperature and pressure,
with a heating rate of 5 °C min~"', when the redox reaction
between the metal nitrates and diol took place with for-
mation of hydroxycarboxylate type compounds within the
pores of the hybrid gel [26]. The obtained gels where
thermally treated at different temperatures in the range
500-1,000 °C, in air and atmospheric pressure, with a
heating rate of 5 °C min~".

Characterization techniques

The thermal analysis, for description of the redox reaction
evolution, was performed on a 1500D MOM Budapest
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Fig. 5 Thermal curves of the (a) 120

compounds Cy; (a) and Cc,
(b) resulted from the
combustion
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derivatograph by deposition of a reactants solution thin
layer on plate like Pt crucibles. The experiment was carried
out, in air, under identical conditions maintaining the fol-
lowing instrumental parameters: heating rate 5 °C min~',
sample mass 100 mg and reference material for DTA was
o-Al,O3. The thermal curves, of the hydroxycarboxylates
synthesized at 140 °C, were recorded, in air, on a Diamond
Perkin Elmer thermobalance. Both experiments were car-
ried out under identical conditions maintaining the fol-
lowing instrumental parameters: heating rate 10 °C min ™",
mass of the sample ~20 mg, and reference material for
DTA was a-Al,O5. FT-IR spectra of the complex combi-
nations were recorded in the range 400—4,000 cm~! on a
Shimadzu Prestige-21 FT-IR spectrophotometer using KBr

pellets. The powder XRD patterns of the decomposition
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products were recorded at room temperature with an
Advanced-Bruker AXS diffractometer by the MoKalpha
radiation (4 = 0.7093 10\). Magnetic measurements were
performed with a laboratory installation equipped with a
data acquisition system [27].

Results and discussion
Method 1a

Synthesis of the complex combinations

The thermal analysis on the solutions Sy; (Ni(NO3),-6H,0—
1,3PG) and Sc, (Co(NO;),-6H,O-1,3PG), deposed as
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thin layers on platinum crucibles, was achieved in
the temperature range 20—400 °C. Figure 1 presents the
evolution of the thermal curves corresponding to the
solution Syj;.

The DTA curve presents an exothermic effect at 135 °C
attributed to the oxidation of 1,3PG by nickel nitrate with
generation of the Ni(Il) complex combination. The second
exothermic effect in the temperature range 250-300 °C,
accompanied by mass loss, is attributed to the oxidative
decomposition of the Ni(I) complex combination. The
evolution of the redox reaction in the solution Sc, was
similar to the one presented for the solution Sy;.

Based on the thermal analysis data, the coordination
compounds were synthesized at the controlled temperature
of ~ 140 °C. The samples were grinded and washed with an
acetone—water mixture. Figure 2 presents the evolution of
the thermal curves of Ni (IT) hydroxycarboxylate synthesized
at 140 °C. Up to ~200 °C a mass loss corresponding to the
coordination water takes place, followed by the oxidative
decomposition of the complex combination (the ligands

2-0/° 2-9/°

burning), process which takes place with a high rate. Up to
500 °C, the mass remains constant and corresponds to the
metal oxide NiO. The decomposition of Co (II) hydroxy-
carboxylate takes place similarly, leading to CoO.

The formation of the coordination compounds between
the metal ions and the carboxylate ligand was evidenced by
FT-IR spectroscopy (Fig. 3).

The bands at ~ 1,560 and 1,420 cm ™! are attributed to
the coordinated carboxylate group v,; (COO™) and v,
(COO7), respectively, [28, 29] evidencing the existence of
the carboxylate groups which are coordinated to the metal
cations for both compounds.

Method 1b

Redox reaction and combustion of the complex
combination

The mixture Ni(NO;3),-6H,O0-1,3PG was continuously
heated, when at ~ 150 °C started the redox reaction
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Fig. 8 Magnetic measurements of Cy; (a) and Cg, (b) annealed at
different temperatures
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Table 2 Magnetic measurements data

1

Sample H./kOe o/emu g~ Tsademu g71 XRD phases
Cni 0.106 18.16 64.68 Ni

Cni» 500 °C  0.076 0.81 10.80 Ni + NiO
Cni» 700 °C - - - NiO

Cco 0.120 17.8 126.7 Co + CoO
Cco, 500 °C - - - Co504

simultaneous with the burning of the organic ligand
(massive gas release (NO,, CO, CO,, H,0)) and formation
of an expanded material (Fig. 4).

In these conditions, the redox reaction (NO3-1,3PG)
evolves energically and the reaction products (hydroxy-
carboxylate) are difficult to isolate (combustion), leading to
the compounds denoted Cy; and Cc,.

The thermal behavior of the resulted products was
studied in a 100 mL min~" synthetic air flow, on alumina
crucibles, up to 750 °C. Figure 5 presents the thermal
curves of the compounds Cy; and Cg, resulted from the
combustion. The TG curves present a mass increase,
indicating the oxidation of the metals (Ni and Co,
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Fig. 10 FT-IR spectra of the gels dried at 40 °C: (a) Gy;; (b) Geo

respectively) present in the compounds Cy; and Cc,,. In the
case of compound Cy; (Fig. 5a), the mass variation
Am = 20.0 % takes place in the range 400-800 °C
accompanied on DTA by an exothermic effect at 550 °C.
The mass increase corresponds to the oxidation of metallic
Ni to NiO with a percent of 74.0 % Ni.

For compound Cg, (Fig. 5b). the mass increase
Am = 22.0 % takes place in the temperature range
350-650 °C, accompanied on DTA by an exothermic
effect at 450 °C. The mass increase corresponds to the
oxidation of metallic Co to CoO with a percent of
81.5 % Co.
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Fig. 12 FT-IR spectra of the gels Gy; (a) and Gc, (b) heated at
140 °C

The XRD analysis on the compound Cy; (Fig. 6a)
resulted from the combustion, presents the peaks corre-
sponding to metallic Ni, as single phase [30]. From thermal

analysis, a purity of 74.0 % metallic Ni resulted. This can
be explained by the fact that there is also some organic
residue formed during combustion. By annealing of the
compound Cy; at 500 °C, for 3 h (Fig. 6b), the XRD pat-
tern shows not only the peaks of NiO [30] but also the
peaks of metallic Ni, showing that at this temperature,
metallic Ni was not completely oxidized.

The XRD analysis on the compound Cc, (Fig. 7a)
resulted from the combustion, presents the peaks corre-
sponding to metallic Co together with the less intense
peaks of CoO [30]. This fact justifies the purity of metallic
Co of 81.5 %. By annealing, in air, of the compound Cc, at
500 °C, for 3 h (Fig. 7b), only the peaks of the single phase
Co30, were evidenced in the XRD pattern [30].

Figure 8 presents the magnetization curves of the sam-
ples Cy; (Fig. 8a) and Cc, (Fig. 8b) annealed at different
temperatures. The samples obtained by combustion have a
tendency to superparamagnetic behavior characteristic for
the metallic Ni and Co nanocrystallites, but the nanocrys-
tallites size is very small (3—4 nm). The released heat
during the combustion helps the crystallization and for-
mation of the desired phases such as well-crystallized Ni
nanocrystallites or Co and CoO nanocrystallites. This
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Fig. 13 XRD patterns of Gy; annealed at 500, 700, and 1,000 °C

phenomenon influences the crystallite size and magnetic
properties.

From magnetic measurements, the saturation magnetiza-
tion (og,/emu gfl), remanence magnetization (o, /emu gfl),
and coercivity field (H./kOe) are derived and listed in
Table 2.

This combustion method generates metallic Ni and Co
nanocrystallites with high saturation magnetization values.

Method 2: the modified sol-gel method

The method envisages the obtaining of hybrid gels TEOS-
1,3PG-M(NO3), (M = Co, Ni), which were dried at 40 °C.
Figure 9 presents the thermal curves of the hybrid gel Gy;
dried at 40 °C with two exothermic effects on DTA with
mass loss on TG. The exothermic effect at ~110 °C cor-
responds to the redox reaction between the ion NO3 and
1,3PG with the formation of the complex combination
within the pores of the hybrid silica gel. The corresponding
mass loss on the TG curve (~60 %) corresponds to
elimination of nitrogen oxides, water, and unreacted diol.

The exothermic effect at 250 °C is attributed to the
oxidative decomposition of the complex combination when
the metal oxide is obtained within the silica matrix. A
similar behavior was also found in the case of the gel G¢,.

The FT-IR spectra (Fig. 10) corresponding to the gels
dried at 40 °C shows that the redox reaction did not take
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place at this temperature, by the presence of the intense
band from 1,380 cm™! corresponding to the NO3 ion, free
in the gel pores.

The temperature for the synthesis of the hydoxycarb-
oxylates was chosen 140 °C, when the redox reaction was
finished and the Co(Il) and Ni(II) hydroxycarboxylate
complexes were formed within the pores of the hybrid gel.

Figure 11 presents the thermal curves of the gels Gy
and Gg, heated at 140 °C. The evolution of the thermal
curves is similar. The decomposition of the hydroxycarb-
oxylates is accompanied by the exothermic effects at
290 °C for Ni(Il) hydroxycarboxylate and 250 °C for
Co(Il) hydroxycarboxylate. The large exothermic effects
are due to the high dispersion (low concentration of
30 wt% metal oxide/SiO,) of the hydroxycarboxylates
within the pores of the silica matrix. The decomposition
products up to 500 °C are NiO and CoO.

Figure 12 presents the FT-IR spectra of the gel Gy
(a) and G, (b) heated at 140 °C when the hydroxycarb-
oxylate type complexes are formed in the pores of the silica
gels. Both spectra present the bands characteristic for the
carboxylate group v,(COO™) and vy(COO™) in the range
1,500—1,700 and 1,300-1,400 cm ™" [28], which confirms
the formation of the coordinative compounds.

In the FT-IR spectrum, the bands characteristic to silica
gels at: 580 cm ™! (Si—O-Si rings), 800 cm™ ' (SiO4-tetra-
hedra), 1060 cm ™" (Si-O-Si), and 3,400 cm™" (-OH) are
also recorded [31]. The absorption bands in the range
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2,900-3,000 cm™' are characteristic for the stretching
vibrations of C-H bonds [32].

Figure 13 presents the XRD patterns of the gel Gy;
annealed at 500, 700, and 1,000 °C with the single phase
NiO/amorphous SiO,. The crystallites’ size was estimated
by the Scherrer [33] equation to give diameters of 3 nm at
700 °C and 5 nm at 1,000 °C.

The reducing atmosphere generated during decomposi-
tion of Co(Il) hydroxycarboxylate, at ~300 °C, inside the
silica gel, stabilizes the low oxidation state (II) for cobalt
(CoO). At this low temperature, CoO exists in an amor-
phous, very reactive state, which facilitates the interaction
with the amorphous silica gel, leading to C0,SiO4 nuclei.
With temperature increase, Co,SiO,4 (one of olivine min-
eral group) crystallizes as single phase starting with 700 °C
(Fig. 14). The crystallites size is 16 nm at 700 °C and
18 nm at 1,000 °C.

Conclusions

The first method allows the obtaining of metal oxides
nanocrystallites (NiO, CoO, Co30,4) by thermal decompo-
sition of some Ni(Il)- and Co(II) hydroxycarboxylate-type
precursors, formed in the redox reaction between the cor-
responding metal nitrates and 1,3-propanediol.

The proposed original synthesis procedure, which
implies the simultaneous formation and combustion of the
hydroxycarboxylates represents an excellent tool for the
obtaining of metallic Co and Ni nanocrystallites with
diameters of 3—4 nm. This process is influenced by the
reducing atmosphere generated during the burning of the
ligand as well as by the nature of the metallic ion. This
atmosphere has a significant effect on the crystallite size,
homogeneity, and magnetic properties. By controlled
thermal treatments, one could obtain the desired metal/
metal oxide ratios with directed properties. Depending on
the process parameters: temperature, atmosphere, heating
rate, and reagents ratio, the synthesis yields high metal
amounts, which are potential catalysts.

The modified sol-gel method is an original method for
the obtaining of Ni(II) and Co(Il) hydroxycarboxylates
embedded in hybrid gels TEOS-1,3PG. Appropriate ther-
mal treatments of Ni(II) hydroxycarboxylates embedded in
hybrid gels results in NiO nanocrystallites (<10 nm) which
are stable up to 1,000 °C within the silica matrix. In the
case of the same thermal treatment on Co(II) hydroxy-
carboxylates embedded in hybrid gels, the resulted CoO is
stable up to 700 °C, when it reacts with amorphous SiO,
with the formation of an olivine group member (C0,SiOy).
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