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anostructured materials have been

extensively explored for the funda-

mental scientific and technological
interests in accessing new classes of func-
tional materials with unprecedented proper-
ties and applications.'™ In this class of sys-
tem, the size and shape of the nanostructure
mainly determines electric, optic, magnetic,
and catalytic properties. Therefore, synthetic
methodologies that provide routes to obtain
nanostructures in a predictable, controllable,
and reproducible way have become an im-
portant issue. The synthetic procedures to
obtain highly homogeneous colloidal nano-
particles (NPs), in particular, have already
been established for several systems, and
some recent reviews in this area can be
pointed out.*”” For example, Park et al.® re-
cently described an interesting strategy to
produce one-nanometer-scale size-
controlled samples of Fe;0, NPs.

Nickel is one of the transition metals that
exhibit magnetism as bulk material and other
interesting properties and applications, such
as in hydrogen storage and catalysis. Meth-
ods to produce Ni NPs can be found in the lit-
erature and involve high-temperature organo-
metallic decomposition,®' electrochemical
reduction,’’ or chemical reduction.'*"® How-
ever, many factors that affect the mean size
of the Ni NPs or their size distribution have
not been extensively addressed in the litera-
ture. Since the properties of nanometric ma-
terials are deeply affected by the mean size
and the size distribution of the particles, it is
very important to address which are the fac-
tors that rule those characteristics. In addi-
tion, a detailed description of a robust and re-
producible way to prepare Ni NPs will find
interest in many research fields, such as
chemistry, physics, biology, catalysis, and ma-
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ABSTRACT This work focuses on synthetic methods to produce monodisperse Ni colloidal nanoparticles (NPs),

in the 4—16 nm size range, and their structural characterization. Narrow size distribution nanoparticles were

obtained by high-temperature reduction of a nickel salt and the production of tunable sizes of the Ni NPs was

improved compared to other methods previously described. The as-synthesized nanoparticles exhibited spherical

shape and highly disordered structure, as it could be assigned by X-ray diffraction (XRD) and high resolution

transmission electron microscopy (HRTEM). Annealing at high temperature in organic solvent resulted in an

increase of nanoparticle atomic ordering; in this case, the XRD pattern showed an fcc-like structure.

Complementary data obtained by X-ray absorption spectroscopy confirmed the complex structure of these

nanoparticles. Temperature dependence of the magnetic susceptibility of these highly disordered Ni NPs showed

the magnetic behavior cannot be described by the conventional superparamagnetic theory, claiming the

importance of the internal structure in the magnetic behavior of such nanomaterials.
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terials science. In this work, we describe in de-
tail the chemical synthesis of Ni NPs in the
4—16 nm range and discuss some aspects
that affect the mean size and size distribu-
tion. The synthetic procedures described here
were based on the chemical reduction of
nickel salts (Ni(CH;COO), or Ni(acac), (acac
= acetylacetonate), and were adapted from
the work previously described by Murray et
al.’'* and Son et al,'® extending these
methods to prepare Ni NPs with six different
mean sizes. The Ni NPs morphology and
structure were characterized by transmission
electron microscopy (TEM) at conventional
and at high resolution mode (HRTEM), small-
angle X-ray scattering (SAXS), X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy
(XPS), and X-ray absorption near-edge struc-
ture spectroscopy (XANES). Temperature de-
pendence of the magnetic susceptibility of
these Ni NPs was also addressed in this work.
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TABLE 1. Experimental Conditions Used To Synthesize Ni Colloidal NPs

sample counterion ligands to N+ T(°0)°
Nit acetate oleic acid 1 200
n-trioctylamine 4
n-trioctylphosphine 2
Ni2 acetate oleic acid 1 215
n-trioctylamine 2
n-trioctylphosphine 1
Ni3 acetate oleic acid 1 250
n-tributylamine 2
n-tributylphosphine 1
Ni4 acetylacetonate oleic acid 1 250
n-trioctylamine 4
n-trioctylphosphine 2
Ni5 acetylacetonate oleic acid 1 250
n-oleylamine 4
n-trioctylphosphine 2
Ni6 acetylacetonate oleic acid 1 250
n-trioctylamine 2
n-trioctylphosphine 1
Ni7 (= Ni2 annealed) 230
Ni8 acetylacetonate oleylamine 37 215
n-trioctylphosphine 9

molar ratio

usually achieved by synthesizing at the
boiling temperature. Ni7 sample was
produced by a postsynthesis annealing
of the Ni2 sample, aiming to address its
influence in the atomic order of the NPs.
Ni8 was produced by a different method
(see Experimental Section), and we did
not intend to compare the synthesis
conditions with the others; the aim was
only to compare the final characteristics
of the NPs.

Figure 1 shows some representative
TEM images from samples Ni1 to Ni6.
The corresponding size distribution his-
tograms are presented in the Support-
ing Information (Figure S1, Supporting
Information). In general, Ni NPs exhibit
spherical shape, but faceting can be
seen in some particles. We can verify
an increase in the mean diameter from
Ni1 to Ni3 and Ni4 to Ni6, depending on
the Ni precursor. All samples show a nar-

average size
(nm)
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“The temperatures are the boiling points of the corresponding reaction mixtures.

RESULTS AND DISCUSSION

Size and Growth. Table 1 presents a summary of the re-
action conditions used in this work. The variables were
the molar ratio of ligands to nickel salt (Ni1 and Ni2),
ligands type (Ni2 and Ni3, Ni4 and Ni5) and type of
nickel salt (Ni4 and Ni6; compare with Ni1 and Ni2). It
is important to remark that the reaction temperatures
provided are the boiling temperatures of the synthesis
solution; in this aspect this is a fixed parameter in all the
synthesis. In this type of synthesis, a better control is

Figure 1. TEM images from Ni NP samples (A) Ni1, (B) Ni 2, (C), Ni 3, (D) Ni 4, (E) Ni 5, and (F) Ni 6.
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row size distribution, especially those
obtained using Ni(acac), precursor
(Figure 1D—F). These results were con-
firmed by SAXS, which showed the typical oscillations
found for spherical particles with narrow size distribu-
tion (SAXS results are shown in Figure S2, see Support-
ing Information). The NPs growth is kinetically con-
trolled, thus the reaction temperature could play a
crucial role in their size control and we chose to keep
it at the boiling point for all reactions. For the smaller
NPs, Ni1 and Ni2, the reactions were conducted at lower
temperatures, 200 and 215 °C, respectively, since for
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these two reactions it was not possible to further in-
crease the temperature because of the mixture boiling.
The lower temperature plateaus for these two reaction
mixtures may be due to the high ligand concentration
and the use of acetate salt (the decomposition of ac-
etate salt occurs at lower temperatures than the acetyl-
acetonate (unpublished results)). For other NP reac-
tions, the temperatures could be increased up to 250 °C.

From Ni1 to Ni3 and Ni4 to Ni6 we can observe the
roles of the ligand type and their molar ratio to Ni** in
the final size of the NPs. The influence of the ligands can
be understood by considering the La Mer mechanism."”
This mechanism is based on a saturated solution that
causes the nucleation of the NPs that behave as seeds
to the subsequent growth. The NP growth depends on
the adsorption of ions on the seeds surface and reduc-
tion and this crucial step for size control is diffusionally
limited. Ligands with larger carbonic tails cause a steric
hindrance in the ions adsorption and as result, smaller
NPs are produced. In a similar way, with an increase in
the ligand molar ratio to the Ni**, a better surface sta-
bilization of the seeds and a more difficult growth is
expected.

The analysis of Table 1 also points out that the coun-
terion of the salt precursor plays an important role not
only in the solubility of the salt in the organic solvent
but also by affecting the mean size and size distribu-
tion of the produced NPs. As we observe in the TEM im-
ages, the substitution of Ni(CH;CO0), by Ni(acac), lead
to larger NPs and narrower size distributions (Table 1).
Therefore, the role of the counterion seems to be re-
lated to the formation of different intermediates at the
nucleation step. It is known that counterions such as ac-
etate or acetylacetonate form polynuclear
complexes'®'® that may contribute to the nucleation
of the particles. In fact, at dry conditions the complex
“Ni acac” is not Ni(acac), but the trimer ([Ni(acac),l5)
(see for example references 20 and 21). The polinuclear
complexes formed at high temperatures by acetylacet-
onate may lead to a faster growth process, resulting in
larger NPs.

The analysis of TEM image contrast within each NP
may also provide qualitative information about NP crys-
tallinity. In the case of the Ni6 sample (Figure 1F), the
contrast variation within each NP is clear, showing that
they are formed by more than one crystalline domain
(i.e., the NPs are not single crystals). This observation
was supported by the broad XRD patterns of all samples
and HRTEM images (see discussion later). Interesting,
in the annealing experiment (Ni2 and Ni7 samples) we
verified an improvement of the atomic order, despite
the increase of the size distribution, from 8.6% (Ni2) to
17% (Ni7), and the average size, from 7.5 to 8.6 nm, re-
spectively (see Figure S3). The mechanism that affects
the average size and size distribution during annealing
has not been completely understood yet, but it may
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suggest that Ostwald ripening takes place, where small
particles are consumed as the larger NPs grow.

Structural Characterization. Ni NPs prepared by chemi-
cal reduction in organic medium have been previously
described either as amorphous®? or as fcc-like
(face-centered-cubic),"*?*?3 based on the broad peak
ats = 0.45—0.50 A" in the XRD patterns (s is the
modulus of the scattering vector and is equal to 2 sin 6/
\). The formation of a highly disorder structure and its
origin has not been addressed in detail in previous
works.'*?%23 |t is interesting to note that other authors
have reported variable results for Ni NPs prepared in dif-
ferent conditions. Couto et al.>* prepared Ni NPs in eth-
ylene glycol using sodium borohydride as a reducing
agent in the presence of poly(N-vinilpyrrolidone). In this
case, the XRD curves also present broad peaks that
point to an fcc-like structure. Chen et al.>> obtained
highly crystalline fcc Ni NPs (~10 nm) by reduction of
Ni?* by hydrazine in the presence of cetyltrimethyl-
ammonium bromide and traces of NaOH in aqueous
media. Jeon et al.?® reduced Ni** using hydrazine dis-
solved in tetrahydrofuran and oleylamine as protecting
agent. Depending on the temperature that the Ni"
salt was injected into the hydrazine solution the NP
samples exhibited only hcp or hcp and fcc diffraction
peaks. It is clear that in the case of Ni NPs, the synthe-
sis conditions impact strongly in the atomic structure
and as a consequence, in their macroscopic properties,
such as the magnetic behavior, as discussed below. The
understanding of what determines the atomic arrange-
ment of Ni NPs and other transition metals, such as
Co, is a challenge to overcome, and deeper analyses
are still required.

In our work, all Ni NPs samples exhibited very broad
XRD patterns, similar to that shown in Figure 2A (see
also Figure S4). Although the intense peak at s = 0.49
A~ could be assigned to the fcc 111 reflection, there is
no clear evidence of the 200 peak, and the broad peak
ats > 0.85 A~ could be hardly attributed to the fcc 220
reflection since its value is much larger than the bulk
value, 0.8 A~'. HRTEM images of Ni2 sample (Figure 3A)
revealed that the internal structure is not completely
amorphous, but instead each NP appears to be formed
by very small crystalline regions (size of about 1 nm),
where 111 lattice fringes (A) oriented in different direc-
tions can be seen (this is the only crystallographic
planes that can be normally imaged in our HRTEM).
This is in agreement with the broad features observed
in Figure 2A.

One exception was the Ni8 sample that exhibited a
slightly better resolved XRD profile, with distinguish-
able 200 and 220 reflections (data shown in Figure S4).
However, this sample was prepared by a distinct syn-
thetic route, where the nickel salt was previously dis-
solved in trioctylphosphine and reaction proceeds with
a large excess of ligand oleylamine (see Table 1). It is im-
portant to mention that the XRD curve in the original
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Figure 2. Representative XRD patterns of Ni NP samples (A)
Ni2 sample (as-synthesized) and (B) after annealing (Ni7
sample). The dashed line corresponds to the position of Ni
fcc bulk peaks and the Miller indices are indicated. (s =

2 sin O/A).

work’® using this procedure is more similar to the broad
curves of Ni1—Ni6 than the results we found. The syn-
thetic factors that control the internal structure of the Ni
NPs produced by this method and its reproducibility
are still unclear at this moment.

In an attempt to improve the crystallinity of the Ni
NPs and obtain further insight about this important
characteristic, an annealing treatment was performed
in Ni2 sample, leading to the Ni7 sample. The XRD pat-
tern of Ni7 (2B) shows an improvement of the atomic
order toward the fcc structure, where the 200 peak ap-
pears at 0.53 A~ as a shoulder of the 111 peak and the
220 peak appears at 0.77 A~ . The increase in crystallin-
ity was confirmed by HRTEM, as can be seen in Figure
3B. The lattice fringes identified in the images are also
consistent with the 111 planes of a fcc structure, with
2.1 A periodicity. The several defects that still persist are

sample and (B) after annealing (Ni7 sample).

i\ m ) .
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in excellent correspondence to the broadness showed
in the XRD pattern. Although we expected that the an-
nealing process would shift the reflections toward the
Ni fcc values, the reverse was observed. The 111 and
220 reflection shifts from an fcc position for the as-
synthesized (Ni2) sample to a lower value of s for the an-
nealed one (Ni7). The shift to lower values of s in the
111 and 220 peaks could be related to the presence of
multiply twinned particles, such as icosahedra (see Sup-
porting Information for the simulated diffraction
patterns).””~2° We further increased the temperature
up to 300 °C and time of treatment up to 24 h, but even
after 24 h no further improvement in the crystallinity
was obtained. The diffraction pattern of the N1 to N6
samples are very similar to the as-synthesized Ni2
sample, and the position of the 111 reflection are close
tos = 0.49 A~ '. The XRD curves and the 111 reflection
values are summarized in the Supporting Information
Table S1.

Surface and Local Structure. The surface composition of
NPs obtained by chemical methods may differ from
others, since the NPs are capped by ligands that pre-
vent coalescence. Hence, XPS can provide important in-
formation of the Ni NPs surface composition. The analy-
sis, performed in the 0—1000 eV binding energy range,
showed that the Ni samples have a clean surface with
only Ni, C, O, and N elements. Figure 4 shows the results
for the Ni1 sample (the other samples showed similar
results). The 840—900 eV region (Figure 4A) that com-
prises the doublet of Ni 2p,,, and 2p;,, transitions was
analyzed. In the Ni 2p,,, region, we observed two main
peaks at binding energy (BE) of 857 eV (91%) and 854
eV (9%) that could be assigned to Ni(OH), and NiO spe-
cies, respectively. The lower intensity peak at 863 eV,
shifted 6 eV from the Ni(OH), peak, corresponds to a
satellite peak.3° The same pattern is observed in the Ni
2p, ,, region (Figure 4A). Also, it is worth noting the lack
of significant percentage of metallic Ni species
(BE(2ps,,) = 855 eV)?'! on the NP surface. Couto et al.**
observed a similar result in colloidal Ni NPs produced in
a different way. As the XRD data and TEM did not point
out the presence of nickel oxide or hydroxide particles
or a core—shell structure (metal-oxide), the XPS results in-
dicate the existence of a disordered arrangement of a
few atomic layers of Ni?* species on NPs surface. It is in-
teresting to mention, however, that the O 1s transition re-
gion (Figure 4B) does not correspond to an oxide or hy-
droxide species. Only one symmetric peak at 533 eV
(fwhm = 3 eV) was identified whose BE could corre-
spond to either O from adsorbed water or carboxylic
acid species. Since the samples were carefully washed by
ethanol and dried, the excess of ligands, water, and the
precursor Ni(CH;COO), salt should have been mostly re-
moved. Nevertheless, despite the narrow and symmetric
XPS O 1s peak we cannot completely rule out the possi-
bility of minor contributions of these species to the ob-
served peak.>? Consequently, the XPS results indicate a

www.acsnano.org



pied density of states compared to the Ni
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20000 (B) standard, as found in other systems, such as
< 650001 Co NPs.>? This might be related to the defec-
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Binding Energy / eV

Figure 4. XPS spectra of (A) Ni 2p, (B) O 1s, and (C) N 1s regions, respec-
tively, for the Ni1 sample. The abbreviation “sat” means satellite peaks.

complex surface composition, probably dominated by
adsorbed Ni*>* (oleate) complexes. Complementary, the
N 1s peak, BE = 400 eV (fwhm = 2.9 eV), can be assigned
to the trialkylamine ligand. The quantitative analysis of
oxygen/nitrogen gave an 89/11 ratio.

XANES technique provides local information about
electronic states and site symmetry of the absorbing at-
oms. Both XRD and HRTEM data showed that the Ni
NPs do not present long-range order and XANES experi-
ments were performed to further address this issue. Fig-
ure 5 shows the XANES spectra at the Ni K edge of the
Ni2 and Ni7 samples and NiO and Ni standards. The at-
tenuation of the oscillations in the spectra of Ni2
sample confirms a disordered local structure. Corrobo-
rating the previous analyses, the annealing process led
to an increase of the atomic order in Ni7 sample, as can
be verified by the better definition of the oscillations to-
ward the Ni standard (arrows in Figure 5). It is impor-
tant to emphasize that the XANES region is sensitive not
only to interatomic distances but also to angles be-
tween atoms, suggesting that different symmetry sites
may exist in the NPs. This result is in agreement with the
presence of defects and small crystalline domains, as
seen by HRTEM, and with the increase of the crystallin-
ity after annealing. The XANES spectra clearly demon-
strate that the Ni NPs studied here differ from the me-
tallic nickel or nickel oxides and that they are composed
by a complex disordered structure. The XANES spectra
also indicate a modification of the p-projected unoccu-

2.4

NiO-standard
1.8+

Ni-standard

8350 8400 8450

Energy / eV
Figure 5. Representative Ni K-edge XANES of Ni2 and Ni7
samples compared to standards.
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properties of these Ni NPs, we measured the
magnetization of the Ni3 sample as function
of the temperature. Figure 6 shows the tem-
perature dependence of zero-field-cooled
(ZFC) and field-cooled (FC) magnetization of the NPs mea-
sured in a small magnetic field (H = 20 Oe). For compari-
son, a simulated curve for noninteracting superparamag-
netic particles of similar size distribution (11.7 = 0.5 nm) is
also presented.®® In contrast to the ideal superparamag-
netic behavior, by decreasing the temperature, the ZFC
and FC magnetization curves showed a sharp rise at
around 20 K, which resembles a Curie transition. Below
this temperature the magnetization exhibited a decrease
and ultimately an increase following the behavior of the
high-temperature region. This unexpected behavior may
be associated to the highly disordered structure of these
NPs, which could be related to short-range ferromagnetic
coupling among small clusters within each NP. Detail
studies about the magnetic properties of these highly dis-
ordered NPs have been performed and they will be pub-
lished elsewhere.

CONCLUSIONS

A method to produce Ni NPs with narrow size dis-
tribution in the 4—16 nm range was described in de-
tail and the structural characterization was per-
formed. The Ni NPs exhibit a highly disordered
atomic arrangement, shown by HRTEM, the very
broad XRD patterns, and the attenuated XANES os-
cillations. A postsynthesis annealing improved the

® N3, —— Simuiation

M/MFC[ZK]
=3 =}
= =N

bt
o
T

25 50 75 100

Temperature / K

0.0
[

Figure 6. ZFC—FC magnetization curve (points) in terms of
magnetic moment per Ni atom for Ni3 sample. The solid line
was calculated by considering an ideal noninteracting super-
paramagnetic NP system and assuming the size distribu-
tion obtained by TEM33 and K = 5.5 X 10% erg-cm ™ as the

Ni effective anisotropy constant.
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NP crystallinity. The internal structure may be re-
lated to the anomalous magnetic property pre-
sented by these NPs, which cannot be described by
the conventional superparamagnetic theory. These
results emphasize that, regardless of its inherent

EXPERIMENTAL SECTION

Materials. Reactants were used as received. Ni(CH;COO), - 4H,0
99.0% Fluka, n-trioctylamine 98%, n-tributylamine 98%,
n-trioctylphosphine 98%, oleic acid 90% and 1,2 dodecanediol
90% were purchased from Aldrich, and n-tributylphosphine 99%
was obtained from Strem chemicals. Phenylether 99% and anhy-
drous ethanol were purchased from Aldrich and J.T. Baker, respec-
tively. The Ni(acac), - 6H,0 (acac = acetylacetonate) were prepared
from NiCl, salt and acetylacetone.>*

NP Synthesis. Nickel NPs of varying sizes (from 4 to 16 nm) were
synthesized by adapting procedures described elsewhere.'*'®
Typically, 7 nm Ni NPs were synthesized adding in a 250 mL three-
neck round-bottom flask 1.28 mL of oleic acid (4 mmol) and 2.25
mL of n-trioctylamine (8 mmol) in a 1 g Ni(CH;COO), - 6H,0 (4
mmol) solution in 40 mL of phenylether. In a separate flask, 2.1 g
of 1,2-dodecanodiol (10 mmol) were dissolved in 10 mL of phe-
nylether. Both reaction vessels were heated up to 80 °C in vacuum
for 30 min to remove water from the solvent. In all reactions the
temperature ramps were controlled using a Barnant Company
temperature controller and type J thermocouple system in con-
tact with the reaction mixture. Heating procedures were conducted
typically at a rate of ~3 °C/min.

After removing the water, both mixtures were saturated
with N, for 15 min, and under a blanket of N, the flask contain-
ing the Ni** salt was heated up to 200 °C when 1.2 mL of
n-trioctylphosphine (4 mmol) was added under vigorous stir-
ring. At this stage the color of solution turned from turquoise to
dark green, indicating a chemical transformation due to com-
plexation of n-trioctylphosphine to Ni** and reduction, since
n-trioctylphosphine can reduce Ni?* to Ni and produce
n-trioctylphosphine oxide. Then the temperature increased to
220 °C, and before the mixture turned to black, 10 mL of 1,2-
dodecanediol solution were rapidly transferred using a 12G X
3'" veterinary needle (Popper & Sons) syringe. In this step, the
rapid injection results in a supersaturated solution where the
nucleation of the particles occurs. As the Ni NPs nucleate within
a short time period, the resulting material exhibits a narrow size
distribution. After 3 min of reaction, the solution became deep
black as the NPs were formed at the expense of 1,2-
dodecanediol. The heating was kept for another 20 min and
then the system was left to cool down to room temperature. Fi-
nally, ~25 mL of ethanol was slowly added to precipitate the tar-
get product, which was separated by centrifugation and kept in
vials containing oleic acid/1-buthanol 1:10 O,-free solution. By
keeping the Ni NPs samples under N, atmosphere, they can be
stored for long periods. By removing the 1-buthanol superna-
tant, the NPs can be easily dispersed in octane or other nonpo-
lar solvent. Depending on the molar ratio of [ligand]:[Ni**] the
alkyl group and ligand type, the size of the NPs was tuned. The
reaction temperature was adjusted in the 200—250 °C range de-
pending on the target NPs. A summary of the reaction condi-
tions are discussed in the Results and Discussion Section. We ex-
tended this procedure by substituting the Ni(CH;COO), - 4H,0
by Ni(acac), - 6H,0 salt that allowed us to prepare Ni NPs with a
mean diameter up to 16 nm. Another route was tested,'®>?
where Ni NPs were prepared by injecting 0.162 g of Ni(acac),
(0.65 mmol) dissolved in 2 mL of n-trioctylphosphine (6 mmol)
into a reaction vessel containing 8 mL of oleylamine. This mix-
ture was kept at 215 °C, under an N, atmosphere, and stirred vig-
orously. After 30 min the mixture was cooled, and the product
was separated, adding 20 mL of ethanol and centrifuging the
precipitate. The product was kept in a 10% oleylamine/1-
buthanol solution. It is worth mentioning that we fixed the reac-
tion time in 20 min for Ni1 to Ni6 samples while the Ni8 synthe-
sis was held for 30 min, as described in refs 16 and 22.In a

complexity, the internal structure of NPs is a critical
issue to be controlled in the synthesis, and more de-
tailed studies are still necessary for a deep under-
standing of its influence in the macroscopic proper-
ties and applications of transition-metal NPs.

complementary experiment (not shown), we extended the re-
fluxing of the Ni2 synthesis up to 60 min to evaluate the effect
of the refluxing time in the NP characteristics, and we observed
that keeping the synthesis for 20 or 30 min had no significant im-
pact in the mean NPs size.

Annealing. Approximately 300 mg of the Ni2 sample were
added to 40 mL of phenylether containing 0.32 mL of oleic acid
and 0.5 g of 1,2-dodecanediol. The reaction mixture was heated
up to 230 °C and kept for another 30 min. Finally, the material
(Ni7) was separated by precipitation with ethanol as described
above.

Techniques. TEM and HRTEM images were obtained in a JEOL
JEM-3010 microscope (300 kV, 1.7 A point resolution). TEM
samples were prepared by deposition of a 10 L drop of a
~2g-L~" Ni NP octane/octanol/oleic acid (94:5:1) solution on
previous prepared amorphous carbon films deposited on cop-
per grids. SAXS measurements were performed at the D11A-
SAXS/LNLS beamline (\ = 1.52129 A, g = 0.01—0.32 A™") from
~29- L~" Ni NP octane/octanol/oleic acid (94:5:1) solution. XRD
patterns in the 6—26 geometry were measured from powder
samples at the D10A-XRD2/LNLS beamline using A = 1.54982
A. XPS spectra were obtained with a Specs, Inc., Phobios, model
HSA 3500 150 spherical analyzer and an Al Ka (E = 1486.6 eV)
source operating at UHV. XANES data were collected at the Ni
K-edge at the DO4B-XAFS/LNLS beamline from powder samples
at 20 K. Magnetization measurements as a function of tempera-
ture were performed using Quantum Design.
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