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We report on the formation of air-stable fcc Ni nanoparticles via the rarely observed metastable hcp
Ni from two organically modified layered Ni(II) phyllosilicates at a moderately low temperature of less
than 573 K in an inert atmosphere. The presence of hcp Ni as an intermediate is related to the organization
of the nickel atoms within the layers of the phyllosilicates, which is a triangular network with Ni-Ni
distances of 3.2 Å protected by a strong covalent Si-O network on each surface. Characterizations of
the products were performed by TG-DTA coupled to mass spectroscopy, in situ X-ray diffraction, electron
microscopy, infrared, and in situ magnetization measurements. TEM shows that the fcc Ni particles are
spherical and that the size (average of ca. 20 nm) depends on the starting phyllosilicate. Given that the
amount of reduced Ni is proportional to the organic content and not to the Ni content of the phyllosilicates
when the atmosphere is inert, we propose that the reduction takes place by the gases produced during the
decomposition of the organic moiety. The stabilization of the hcp Ni phase depends on the percentage
of Si-O coverage of the surface.

Introduction

The science of nanosized materials is a fast growing area
of research due to its wide applicability at every level, from
everyday household goods to large-scale industrial plants.
Some areas for application include medicine, catalysis, and
magnetism.1,2 At the heart of this field of science lies the
elaboration of the nanosized objects of interest. Consequently,
there are several well-established chemical and physical
approaches for their preparations employing different tech-
niques.3 Solution,4-6 sol-gel,7-9 solid-state,10-12 as well as
particle implantation13 were adopted. Because magnetism has

been our principal interest in the past few years, we have
explored different simple and convenient ways of making
nanosized magnetic elements and oxides in different matrices
starting from different and appropriate precursors,14 and in
one particular case, we have followed on to shaping the
nanoparticles by bombardment with heavy ions to increase
the coercive field of cobalt implanted in silica on silicon
wafer.15 In particular, we are searching for precursors with
the appropriate composition of metal ions as the desired
products, for example, the layered-double-hydroxide
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CoFe2(OH)4(CO3)2‚nH2O to form CoFe2O4.16 The decom-
position of solutions of appropriate mixtures of magnetic
transition metal ions trapped in cavities of xerogels is a
technique that has had wide applications.8,16 This approach
is often used when dispersion of metal nanoparticles is
required, in particular, in cases for catalytic reaction to be
promoted. However, control of the size distribution and
spatial homogeneity remain two big obstacles in this ap-
proach. Therefore, we have been looking at the solid-state
formation of magnetic nanoparticles using mechanical milling
of layered-double-hydroxide with the appropriate metal
contents to prepare nanoparticles of CoxFe3-xO4. Unfortu-
nately, the high-energy ball-milling does not afford full
control of the desired characteristics. Here, we present the
formation of nickel nanoparticles from a one-step decom-
position of organically modified phyllosilicates, Ni3Si2.13-
(C3H6NH3)1.98(O5.28,OH1.05,F0.69)(CH3COO)2.25.1.76H2O,
labeled as S20, and Ni3Si(C3H6NH3)(O1.9,OH4.45,F0.65)-
(CH3COO)1.1. 0.38H2O, labeled asS50, in an inert atmo-
sphere at moderately low temperatures. Both of these starting
materials have been characterized and were found to exhibit
long-range magnetic ordering below 1817 and 21 K,18

respectively. The approach presented here and the starting
materials used have various advantages over the previous
ones. First, the presence of the silicate provides protection
to the nanoparticles from oxidation as in xerogels. Second,
the layered structure of the silicate provides a better medium
for catalysis at the surface of the particles. Third, slow
diffusion of the produced metal in the layered silicate results
in an even distribution of particles of narrow size distribu-
tions. And last, the strong covalent bonding of the silicate
species in the phyllosilicate and with the transition metal
layer allowed us to evidence the transitory presence of the
elusive hcp Ni in a temperature range from 423 to 623 K.

Experimental Section

Synthesis.The phyllosilicates were obtained as described pre-
viously by the hydrothermal reaction of nickel acetate tetrahy-
drate and aminopropyltriethoxysilane. The two silicate starting ma-
terials are Ni3Si2.13(C3H6NH3)1.98(O5.28,OH1.05,F0.69)(CH3COO)2.25‚
1.76H2O, labeled asS20,17 and Ni3Si(C3H6NH3)(O1.9,OH4.45,F0.65)-
(CH3COO)1.1‚0.38H2O, labeled asS50.18 Each can be selectively
prepared by choosing the amount of water used during the
hydrothermal treatment. For the present study, the as-prepared
silicates consisting of fine platelets were dispersed in water and,
upon sedimentation, they were restructured as films on different
substrates such as glass, metal, MgO, or mica.19-21 The films can
be peeled off the substrate to leave free-standing, highly oriented
materials.

Physical Techniques. A preliminary determination of the
temperature at which the reduction of Ni2+ to Ni0 starts was
performed by in situ magnetization measurements of powdered
samples on a Faraday balance (H) 5.9 kOe) under a controlled
atmosphere of either 5% H2/N2 (followed by annealing at 800 K
or 1200 K for 2 h) or argon (followed by annealing at 800 K
for 1 h).

Isothermal magnetization was measured at 295 K on a Quantum
Design MPMS-XL SQUID magnetometer on films deposited on
nonmagnetic MgO substrates.

Thermogravimetric (TG) and differential thermal (DT) analyses
were performed on powders (ca. 20 mg) of the pure compounds
under argon on a SETARAM 92, employing a heating rate of 4
K/min. A prior pumping of the sample chamber was performed in
order to remove oxygen that may result in oxidation of the particles.
A mass spectrometer coupled to the apparatus was used to monitor
the nature and the quantity of gases evolved during the decomposi-
tion of the organic moiety.

Infrared spectra were recorded by transmission through thin films
deposited on cleaved mica by use of an ATI MATTSON FTIR
spectrometer. The spectra were recorded at room temperature after
annealing of the films at 573 K for 0, 0.5, 2, 6, and 15 h.

Powder X-ray diffraction (PXRD) patterns were recorded up to
873 K, under vacuum (1× 10-5 mbar), using an INEL diffracto-
meter equipped with Co-KR1 radiation (1.789 Å) and a curved
detector, covering 120° in 2θ. The diffraction peaks were calibrated
with those of a silicon powder sample. The heating rate was 5
K/min. Each diffraction pattern was recorded for 0.5 h in increasing
step of 50 K. Another experiment was conducted at a fixed
temperature of 573 K for a period of 5.5 h. Following the suggestion
of one of the referees, we performed another series of experiments
in which we have generated the nanoparticles of different samples
of S20andS50in situ at 573 K in a vacuum using an Anton Paar
HTK 1200N oven chamber on a high-resolution powder diffrac-
tometer (Bruker D8 Advance,λ ) 1.5406 Å) to evidence the
formation of nickel with the hexagonal structure.

For electron microscopy, two types of preparation were used.
First, the samples were dispersed in alcohol and then deposited on
a carbon film, which had previously been sputtered on a copper
grid. Second, films were allowed to settle on epoxy resin (Epon)
blocks; after drying, they were embedded in another epoxy layer.
They were then cut with an ultramicrotome equipped with a
diamond knife. The latter preparation allows one to make observa-
tion for samples aligned perpendicular to the layers of the silicate.
Observations were performed on a TOPCON 002B microscope
operating at a 200 kV accelerating voltage.

Results

In situ Magnetization in a 5% H 2/N2 Atmosphere.
Following our previous experiences in the two studies
reported on the two starting compounds,18,19 we proceed in
determining the temperature at which the nickel nanoparticles
start to form and estimating the amount of nickel produced.
These were done by in situ magnetization measurements on
an adapted Faraday balance equipped with a controlled
reducing atmosphere consisting of 5% H2 in N2. The applied
field was fixed to 5.9 kOe, and the magnetization measure-
ments as a function of temperature were performed on
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warming from 298 to 800 K (Figure 1 a). The precursors
are paramagnetic above room-temperature because of the
weak near-neighbor interactions between Ni(II) centers,
resulting in a decrease in the magnetization from 298 up to
500 K. At 500 K for S20 and 520 K for S50, the
magnetization increases to a peak and returns back to being
paramagnetic at the Curie temperature of nickel (TC ) 627
K).22 Upon subsequent cooling of the sample in the same
field, following annealing at 800 K for 1 h, the magnetization
starts to increase smoothly from 627 K to room temperature.
Taking into account that the silicates initially contain 28 wt
% (S20) and 39 wt % (S50) Ni2+ and the saturation
magnetization of bulk Ni metal is 55 emu g-1, we estimate
32% (S20) and 33% (S50) reduction of Ni2+ in the silicates
from the values of magnetization of 4.9 emu g-1 (S20) and
7 emu g-1 (S50) at room temperature (Figure 1a). When
annealing is performed at 1200 K, the amount of reduced
Ni is higher (Figure S1, Supporting Information), 72 and
82%, respectively, forS20 and S50. After this thermal
treatment, the metal aggregates appear as submicrometer
particles together with silica grains containing the remaining
Ni2+ and possibly small nonmagnetic Ni clusters. Because
of the highly reducing atmosphere of hydrogen, the reduction
is quite rapid and thus results in metal particles that are
agglomerated into 100 nm clusters, i.e., much bigger than
the ones observed after thermal treatment under an argon
atmosphere (see below). This suggests a higher mobility of
the metal in a H2/N2 atmosphere at this high temperature.

In situ Magnetization in an Argon Atmosphere. Under
an argon atmosphere, the basic features of the temperature
dependence of the magnetization are similar to those under
hydrogen, concerning the temperature of the events. The
reduction begins at almost the same temperatures as in H2,

that is 508 and 523 K forS20andS50,respectively (Figure
1b). The magnetization after cooling from 800 K to room
temperature is close to 3.9 emu g-1 for S20, which corre-
sponds to only 25% of the Ni2+ being reduced. ForS50, the
magnetization after cooling to room temperature reaches 1.8
emu g-1, corresponding to even less Ni2+ reduced, 8%. The
fact that the bifurcation in the magnetization is at the Curie
temperature of bulk metallic nickel rules out the possible
formation of the metastable Ni3C at lower temperatures,
given that the Ni3C is magnetic below 627 K.22 It is also
worth pointing out that the transformation of Ni3C to Ni is
above 723 K.23 Thus, one should not observe a sharp peak
in the magnetization on warming at ca. 550 K (see inserts
of Figure 1).

From the above observations, we note that the amount of
reduced nickel is proportional to the original composition if
the reduction is performed in H2/N2, whereas it is propor-
tional to the organic content when the reduction is performed
in vacuum or argon. Given that the reaction is dynamic
because of the movement of the nickel atoms inside the
silicate and is especially slow at this low temperature, we
studied the production of the reduced metal as a function of
time. In this experiment, we measured the evolution of the
magnetization with time in an applied field of 10 kOe while
keeping the sample at 573 K (Figure 2), a temperature just
above the beginning of the reduction and below the Curie
temperature of nickel. Therefore, the measurement was
performed while the sample was heated to 573 K at a rate
of 3 K/min and subsequently, annealed at 573 K for 4.5 h.
For both samples, the reduction begins at 500 K. ForS20,
the magnetization reaches a maximum after 0.5 h at 573 K,
followed by a slow decrease. In contrast, forS50, a peak
appears after a few minutes followed by a marginal increase
during the annealing at 573 K. As a time evolution is
detected, further characterizations have been performed on
samples heat-treated at 573 K for different periods of time
up to 15 h by measuring the isothermal magnetization at
295 K on a SQUID magnetometer. Figure 3 presents the
magnetization versus applied field for samples annealed for
0.5, 2, 6, and 15 h. ForS20, the quantity of reduced Ni
increases with the annealing time, as expected for a progres-
sive thermal reduction process and the slow dynamics in the
dense silicate matrix. ForS50, we observe less Ni2+ reduction
and a decrease in the saturation magnetization for the 15 h
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465.
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Figure 1. Temperature dependence of the in situ magnetization in an
applied field of 5.9 kOe on increasing and decreasing temperature from
298 to 800 K under (a) 5% H2/N2 and (b) Argon forS20 (open squares)
andS50 (filled circles).

Figure 2. Time dependence of the in situ magnetization in an applied field
of 10 kOe from 298 to 573 K followed by annealing for 5.5 h forS20
(open squares) andS50 (filled circles).
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sample compared to that for 6 h, whereas it continuously
increases between 0.5 and 6 h. The coercive field ranges
from 50 to 200 Oe, the largest value being observed after 6
h thermal treatment. The results of the thermal treatment
under argon indicate that the reduction of Ni2+ to metallic
particles is only partial and is related to the amount of organic
species present in the starting materials. This leads us to
propose that the reduction is assisted by the gases such as
carbon monoxide produced by the decomposition of the
organic. To verify this hypothesis, we looked at the origin
of this reduction by a coupled mass spectroscopy with TG-
DTA.

Thermogravimetric and Differential Thermal Analyses.
TG-DTA was performed under argon from 293 to 1200 K
at a rate of 4 K/min with an intermediate plateau of 2 h at
573 K while recording the mass spectrum every 2 min. The
two silicates exhibit very similar behaviors; we focus on the
S20results (Figure 4).S20presents two endothermic steps
at 473 and 573 K and two others, also endothermic, after
the plateau, close to 673 and 723 K. The TGA curve reveals
the corresponding steps of weight loss, the major one (ca.
35%) taking place after the 573 K plateau. On the mass
spectrometer traces, the volatile products of decomposition
below 573 K are associated withm/z (m) mass,z) charge)
of 44, 43, 16, and 60, corresponding to carbon dioxide, CH3-

CO, methane, and acetic acid, respectively. At temperatures
above 573 K, the fragments have 44 and 28m/z. The latter
can be attributed to CO. Other fragments corresponding to
the aminopropyl group (such as 85( 1 m/z, which can be
due to Si(CH2)3NHx) are also detected. Smaller fragments
such as NH3 (m/z ) 17) and ketene (CH2, m/z ) 14) are
also detected. These results confirm TG-DTA observations
under an air atmosphere previously reported,17 where only
15% of the acetate decomposes below 520 K, whereas the
rest decomposes together with the aminopropyl group above
520 K. The presence of two endotherms can be related to
the decomposition of acetate and aminopropyl groups. PXRD
pattern recorded on the TGA residue reveals the presence
of fcc Ni metal as sharp Bragg reflections. The TEM image
is evidence of the presence of nanometer-sized particles,
averaging 15 nm in the body and 3 nm at the edges (see
Figure S2 in the Supporting Information).

Infrared Spectroscopy. This study was performed by
transmission through films deposited on mica for different
annealing times under argon corresponding to the magnetic
study presented earlier. In principle, we monitor the changes
in the vibrational bands of the organic part associated with
the annealing. Figure 5 shows the results obtained forS20.
Those ofS50are similar. Considering first the 3400-2800
cm-1 region, the bands at 2930 and 2875 cm-1 correspond
to the stretching vibrations (antisymmetric and symmetric,
respectively) of the C-H bond. When the time increases,

Figure 3. Isothermal magnetization at 295 K on films of (a)S20and (b)
S50annealed in argon at 573 K for different periods of 0.5, 2, 6, and 15 h.

Figure 4. TG-DTA coupled to mass spectroscopy under Ar forS20(see
text for details). Top: weight loss (thick line), DTA (thin line). Bottom:
m/z) 28, green;m/z) 44, blue;m/z) 60, red; temperature program applied
to the sample (black line).
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these bands appear nearly constant even if a small decrease
is evident. It is not the case for the band at 3085 cm-1, related
to the presence of a NH3+ group, whose intensity continu-
ously decreases with annealing time and disappears after 15
h. For the stretching vibration of the N-H bonds (3290
cm-1), its intensity remains constant up to 6 h and decreases
for 15 h. The same conclusion can be drawn for the bands
in the range 1700-1300 cm-1. Here, the band at 1650 cm-1

can be taken as reference (deformation band of N-H3).
Again, its intensity is constant up to 6 h and decreases for
15 h. The intensity of the vibration bands at 1550 and 1406
cm-1, associated with the acetate ions, decrease gradually
and, in particular, the 1406 cm-1 band disappears after 6 h
annealing. The bands located at 1430 and 1360 cm-1 are
attributed to the deformation and wagging vibrations, re-
spectively, of CH2 groups belonging to the Si(CH2)3NH3

species. This is in agreement with the TGA experiment in
which the decomposition of acetate ions takes place at a
lower temperature than the decomposition of amine. In
particular, as the TGA measurements were performed
under dynamic conditions, the decomposition temperature
of the amine is at 400-450 °C. The annealing process
performed in a static mode reveals a lower temperature
(300 °C for 15 h).

Temperature Dependence of the X-ray Diffraction
under a Vacuum. The PXRD patterns recorded on a
conventional powder diffractometer reveal a higher crystal-
linity for S50 than S20 (see Figure S3 in the Supporting
Information). It appears that the coherence along thec-axis
is less for S20. At room temperature, the silicates are
characterized by two sets of Bragg reflections; the strong,
evenly spaced peaks at low angles are attributed to (00l),
l ) 3, 4, 5, 6, reflections and the sharp ones at 2.67 and
1.55 Å to (hk0). To study the temperature dependence of
the PXRD, we used a multidetector diffractometer, which
allows reliable data for angles above 10°. Both silicates were
therefore heated from 293 to 873 K in a vacuum. Figure 6
presents the PXRD patterns obtained forS20andS50. There

is a lowering of the intensities and a broadening of all
reflections as the temperature is increased. ForS20, a striking
transformation starts to take place at 423 K where new peaks
appear in the PXRD, the most intense being at 51.9° (d )
2.034 Å). This peak and others (45.8, 48.4, 68.5, 84.7, 93.4,
103.9, 107.1° corresponding tod-spacing of 2.299, 2.181,
2.034, 1.586, 1.327, 1.229, 1.134, 1.112 Å) increase in
intensities until a temperature of 523 K. Every observed
Bragg peaks in this temperature region was indexed to those
expected for a hexagonal close packing of nickel (hcp Ni),
JCPDS 45-1027, corresponding to (010), (002), (011), (012),
(110), (103), (112), and (201), respectively. At higher
temperatures, their intensities decrease, followed by a
displacement in angle of the peak at 51.9° due to the
appearance of a novel peak at 51.8°. The latter and two other
peaks gain in intensity as the temperature increases. These
three peaks correspond to those of fcc Ni, which is the sole
product above 623 K. ForS50, a similar but less pronounced
transformation takes place. The range of temperature for the
stability of the intermediate phase, hcp Ni, is the same. At
473 K, a broad peak appears at 51.9° (d ) 2.034 Å),
corresponding to the (011) reflection of hcp Ni. The other
peaks are detectable only when the accumulation time is
increased (see next paragraph). At higher temperatures, the
three peaks characteristics of fcc Ni become more pro-

Figure 5. Transmission infrared spectra, recorded at RT, on films ofS20
annealed in argon at 573 K for 0, 0.5, 2, 6, and 15 h.

Figure 6. Evolution of the X-ray diffraction patterns with temperature from
298 to 873 K under a vacuum for (a)S20and (b)S50; arrows and stars
indicate X-ray diffraction peaks of the initial silicate and hcp Ni,
respectively.
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nounced: (111) at 51.8° (2.045 Å), (200) at 62.5°, (1.762
Å) and (220) at 94.3°, (1.246 Å) (PDF file 88-2326). The
rather broad peaks indicate that the particles are small. The
coherent crystalline domain length evaluated using the
Scherrer formula leads to values of less than 10 nm.

To confirm the above observation, we treated different
samples in situ at 573 K under a vacuum for 1 h and recorded
their diffraction patterns on a high-resolution diffractometer
at room temperature. Figure 7 shows the results for anS20
sample and the theoretical patterns for hexagonal and cubic
nickel. In the inset, the result for anS50sample for the 3
major peaks is shown. To check the stability of hcp Ni, we
undertook a complementary experiment where the sample
was heated slowly to 573 K under a vacuum followed by
annealing for 5.5 h (see Figure S4 in the Supporting
Information). Only the peaks corresponding to hcp Ni are
present for the first hour of the annealing process and then
both varieties (hexagonal and cubic) coexist for a further
1.5 h. After 3 h annealing, only fcc Ni is detectable. On
returning to room temperature, the X-ray diffraction pattern
is typical of fcc Ni, indicating rather stable nanoparticles of
metallic nickel, which is highly likely to be due to their
protection by the silicate layer.

Electron Microscopy. TEM through the platelets in argon
shows a homogeneous distribution of spherical particles,
indicating a constant dynamics of nickel atoms diffusing
through the silica layers during the decomposition process.

However, when performed on a cross-section of a film
(Figure 8), TEM shows two regions. The surface region of
the film (ca. 150 nm) is particle-free, and in the body of the
film, the particles are evenly distributed. It also indicates
that the surface region may be amorphous and the bulk
retains the lamellar structure. This view allows us to check
the relative homogeneity in the repartition and the size of
the particles. ForS20, the average particle size is smaller
than forS50. The distribution is relatively narrow and lies
in the range 17-23 nm forS20and 20-34 nm forS50and
remains almost constant with time up to 15 h at 573 K. Size
distributions performed onS20annealed under argon for 0.5,
6, and 15 h are supplied in the Supporting Information
(Figure S5). The distribution is centered on 15, 17, and 23
nm, respectively, for the different annealing durations.

Discussion

The formation of nanoparticles of nickel from the organi-
cally modified Ni(II) phyllosilicates presents some advantage
over other techniques used. It is reasonably cheap and
convenient with regards to the low temperatures used and
the ease with which the starting materials are available.
Furthermore, it needs no additional reducing atmosphere, like
hydrogen, for which considerable precautions are required.

A question of technical importance for applications in
catalysis and also in magnetism is the even distribution of
sizes. The size of the particles appears to be controllable by
the temperature at which the reduction is performed and the
annealing time. However, the distribution is very good
because of the slow dynamics of the elemental nickel
produced by reduction in the silica. Furthermore, the stability
of the formed particles is very high because of the protection
by the silica layers. One drawback of the approach is the
low yield of particles compared to when the reduction is
performed in 5% H2/ N2.

Under the condition of the thermal treatment ofS20and
S50 under an inert atmosphere, the reducing agents are
generated in situ by the decomposition of the organic
components. Given the different nature of bonding of the
acetate and the propylammonium, their decompositions take
place at different temperatures. According to TGA coupled
to mass spectroscopy, CO2 (44m/z) and CH3COOH (60m/z)
are the two volatile compounds detected below 573 K. This

Figure 7. X-ray diffraction pattern of sampleS20annealed under a vacuum
for 1 h at 573 K, thecalculated patterns of hcp Ni and fcc Ni are plotted
for comparison. Inset: part of the X-ray diffraction pattern of sampleS50
under the same conditions. * indicates the (hk0) reflections of the silicates.

Figure 8. Cross-sectional view of a film annealed under Ar at 573 K for
2 h.
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is in agreement with mass spectrometry results obtained
during the thermal decomposition of Ni acetate under a He
atmosphere.24 Carbon dioxide is indeed the main product
detected during thermal decomposition of Ni acetate tet-
rahydrate in helium.

IR spectroscopy as a function of temperature and time also
confirms the disappearance of acetate groups with concomi-
tant transformation of NH3+ into NH2. Therefore, two
processes can be invoked. First, acetic acid is formed that
can either be evacuated or decomposed into CO, source of
the reduction process, subsequently evacuated as CO2.
Second, NH2 is formed by the capture of its proton by the
acetate ion; the amino group then acts as the reducing species
as in the case of hydrazine. It is quite difficult to differentiate
between the two processes. However, these considerations
can explain several of the observed phenomena as well as
the differences between the two samples,S20andS50.

The main difference in behavior between the silicates
concerns the amount of organic species and the Ni contents;
there are twice as many organic species inS20compared to
S50. Assuming the amount of reducing agent is proportional
to the organic content, one expects a proportional metallic
nickel content after thermal treatment at the same maximal
temperature (800 K). Therefore, as the organic content
increases on going fromS50to S20, the amount of metallic
Ni, estimated from the in situ magnetization measurements
on the Faraday balance, produced under similar conditions
indeed increases, viz 8% forS50and 25% forS20(Figure
2). The higher organic content ofS20can also be invoked
to explain the upturn of the magnetization starting at ca. 500
K. The same observation is true for different annealing times
at 573 K where SQUID measurements reveal a higher
metallic content forS20 compared toS50 (Figure 3).
Increasing the annealing time to 15 h forS50 appears to
promote the formation of a nonmagnetic component that we
believe is the oxidation of the particles to NiO.

The presence of an amorphous surface in the films (ca.
150 nm) and the absence of metallic particles in this region
is a second important clue to the reduction coming from
decomposition products of the organic. This is due to the
escape of the reducing products before reaction can take
place. In contrast, the trapped reducing products within the
body of the films results in an even and narrow distribution
of particles. The smaller average particle size forS20 is in
agreement with the rate at which the particles are formed,
which is related to the amount of organic material in the
starting solid. The segregation of the nickel from the silicate
layer may be the reason why the layered structure of the
silicate is still observable in the inner part of the films. On
the other hand, the departure of some of the organics within
the skin renders it amorphous.

The existence of hcp Ni is rare; it was observed in films
obtained by sputtering under hydrogen or nitrogen or by
electrolytic processes.25 Recent examples of the synthesis

of hcp Ni are chemical reduction of nickel salts by sodium
hydride in butanol6 and the decomposition of Ni(acetylac-
etonate)2 in tetrahydrofuran in the presence of a K/B alloy.5

Hydrazine can also be used as reducing agent in tetrahy-
drofuran at moderated temperatures.26 Potassium borohydride
induces the reduction of nickel chloride in ethylenediamine
at 573 K.27 Thermolysis at 523 K of Ni formate in an ionic
liquid can also lead to hcp Ni particles.28 A mixture of hcp
and fcc Ni particles could be obtained by refluxing Ni acetate
in a polyol medium.29 In these powdered samples, the
magnetization at room temperature for hcp Ni is generally
found to be lower than that of fcc Ni. This observation seems
to be in disagreement with calculations that indicate that the
saturation magnetization of hcp Ni is 1.5 times larger than
that of fcc Ni.30 In our case, when the magnetization is
recorded in situ while the sample is heated under a flow of
argon (Figure 2), we first observe a lowering of the
magnetization during the formation of hcp Ni and an increase
during its transformation into fcc Ni. These observations
agree with the other experimental works. Further work will
be needed to elucidate the behavior in the magnetization of
bulk and nanosized hcp Ni.

Conclusion

Thermal decomposition of organically modified Ni(II)
phyllosilicates under an inert atmosphere produced high
spatially ordered and evenly distributed fcc Ni nanoparticles.
The reduction to the metallic state is afforded by the in situ
production of the reducing components from the decomposi-
tion of the organics. Surprisingly, because of the structural
nature of the starting materials, which adopt the phyllosilicate
structure, and the strong covalent silica layers on the surface,
the rare stabilization of the hcp Ni phase has been observed
in a narrow range of temperatures. This approach proved to
be a simple and convenient way to generate nanoparticles
of metals as well as control the size distributions, even
density, and dispersion of particles.
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