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ABSTRACT: Nanoscaling of the nickel phosphides profoundly
alters their domains of stability. An original mechanism of
“nanoscale-induced phase segregation” was uncovered in the
present study: the appearance of two crystallized phases inside
each single nanoparticle (here, Ni,P and Ni fcc), where the
single-phase product (NizP) would have been preferred at
the bulk scale. This behavior was obtained by reacting at low
temperature (<220 °C) substoichiometric amounts of white
phosphorus (P,) on well-defined monodisperse Ni nanoparti-
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cles in solution. Phosphorus insertion inside the Ni fcc nanoparticles triggers the crystallization of a Ni,P core surrounded by a Ni
shell. The crystallization process was monitored by HRTEM, EFTEM, XRD, and SQUID analyses and revealed a direct
transformation of Ni fcc to a core—shell structure without any other Ni,P, crystallized intermediate. This core—shell Ni—P
system was tuned by adjusting the amount of P, added, providing tunable magnetic shells supported on monodisperse

nanoparticles.
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1. INTRODUCTION

The physical properties of nanoparticles (NPs), such as their
melting point or their crystallization energy, are strongly dependent
on their size." In particular, phase-stability domains may be deeply
modified when the surface-to-volume ratio increases, leading to the
appearance (or disappearance) of metastable phases and a reorder-
ing of relative stabilities.” Studies dealing with this problem have been
mostly conducted in the case of metal oxide NP, such as TiO, NPs,
or metal chalcogenide NPs,* but only a few studies deal with metal
NPs.>® Recent theoretical and experimental works have unraveled
some of the key phenomena directing these nanoscale-induced
discrepancies.” For instance, formation of crystalline defects can be
either favored or disfavored at the nanoscale, which, in turn, alters the
material’s properties (such as electron transport, for example), to a
great extent.® They can also affect the chemical reactivity, by lowering
kinetic barriers for crystallization or anion/cation diffusion in the
lattice.” Moreover, it was found very recently that phase alloying and
dealloying could be promoted by H, reaction on the NPs
surface.'”"" All these effects are of major importance for the fine
understanding of structure—property relationships.

Yet, the modifications of phase stabilities at the nanoscale have
never been shown to be strong enough to induce a phase
segregation within the same nanoparticle. In this article, we
report, for the first time, such a nanoscale-driven transformation.
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The use of monodisperse nickel NPs with well-defined surface
chemistry and crystallinity, as well as aging behavior, was the first
prerequisite. Second, a stoichiometric and strongly reactive “P”
atom donor was needed. The present mechanistic investigation
of the reaction between nickel nanoparticles and low amounts of
white phosphorus, P, (Ni/P = 3), revealed the formation of
original Ni,P—Ni core—shell spherical nanoparticles, instead of
the Ni3P nanoparticles that are expected from the stoichiometry
(and known in the bulk state). This core—shell structure was
shown here to result from successive amorphization and recrys-
tallization steps inside each nanoparticle. This effect is called
“nanoscale-induced phase segregation”, because of the nano-
scale, rearrangements occurred at low temperatures (<220 °C;
note that the bulk NiP and Ni,P phases are stable up to 890 °C),
which provoked a well-defined phase segregation inside each
nanoparticle, in this case, the formation of a Ni,P—Ni core—shell
structure.

The course of the reaction was monitored by high-resolution
transmission electron microscopy (HRTEM), X-ray diffraction
(XRD), and superconducting quantum interference device
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Scheme 1. Description of the Two Main Pathways for the Conversion of a Nickel NP to a Nickel Phosphide NP, Using White

Phosphorus as a “P” Atom Donor”
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(SQUID) measurements at various temperatures and reaction
times. The nanoscale-induced perturbation of the Ni—P material
phase diagram was uncovered. Moreover, this phase segregation
reaction provides monodisperse and size-controlled core—shell
nanoparticles with a tunable magnetic shell, which is a rare but
. . . . 612
interesting feature for fundamental magnetic studies.

2. RESULTS AND DISCUSSION

Metal phosphide nanoparticles have been under intensive
investigation for the past 10 years, because of original properties
in the fields of ca.talysis,B’14 magnetism,M’lS optics,16 and lithium
batteries."” Note that phosphorus doping on nickel NPs shells
has been shown to be critical in the catalytic growth of TiO,
nanotubes, by creating an active Ni—P liquid shell.'® For nickel
phosphide, common synthetic procedures use a poor P donor
(an arylphosphine' or alkylphosphine®’) introduced in a large
excess, yielding a slow delivery of P to the metal lattice by thermal
decomposition of the 1phosphine at a relatively high temperature
(typically ~320 °C).>" These conditions are keen to favor a slow
P doping of the metal framework, along with extended diffusion
abilities for both metal atoms and P atoms, because of thermal
energy. Moreover, in the Ni—P system, this so-called “phospha-
tization” strategy allows for a certain control of the extent of
reaction, giving access to various morphologies: core—shell,
hollow shells, or nanowires.”> ¢ In a very recent article, Tzitzios
et al. described the synthesis of an original Ni—Ni,P mixed
compound, using Ni fcc NPs as a template and triphenylpho-
sphine as a P donor at 330 °C.*” The authors came to the
conclusion that their final materials contains both Ni,P nano-
crystals and Ni hep nanocrystals embedded in the same hollow
spherical particles, based on XRD and X-ray photoelectron
spectroscopy (XPS) (at Ni and P edge) measurements, even if
a precise localization of each materials was not provided. How-
ever, these heating conditions jeopardize the control over the
nanoparticles composition. Indeed, Omata et al. had previously
highlighted that Ni fcc NPs easily convert at these temperatures
to nickel carbide (Ni;C), the XRD signature of which can be
wrongly assigned to Ni hcp, because of similar lattice distances.*®
XPS analysis at the carbon edge was shown to be compulsory to
distinguish Ni hep from Ni;C.

Therefore, it does not seem straightforward to discriminate
between the formation of NizC or Ni hcp in “Ni,P—Ni”
nanocomposites prepared at high temperature by the decom-
position of phosphines. To exclude this possibility, a more
reactive P donor was chosen, namely, white phosphorus (P,)
in a soluble form, and the room-temperature to moderate-
temperature (up to 220 °C) transformations were investigated.
Recently, we illustrated how easily metal nanoparticles (M = Nj,
In, Pb, or Zn) react with white phosphorus (P,), under mild
conditions, to yield metal phosphide NPs, as long as the reaction
is conducted in solution and with stoichiometric amounts of P.*’
We have also proved that P, acts as a stoichiometric P donor on
Ni(0) organometallic complexes or Ni(0) nanoparticles to yield
Ni,P nanoparticles at low temperatures (<220 °C).> In parti-
cular, Ni,P NPs were obtained by adding 1/8 equiv of P, in the
solution of Ni(0) NPs, but the precise mechanism of this reaction
was not elucidated at the time.

Furthermore, this preliminary study exclusively focused on the
formation of the Ni,P phase. Ni,P is the first nickel phosphide ever
obtained in the bulk scale,> and it is also the most stable one.*>
Even though the Ni—P phase diagram highlights the existence of
many stable phases (up to 850 °C and ranging from NisP to NiPs),
Ni,P is the phase obtained in most of the cases for nanoscaled
unsupported particles (<50 nm). Mixtures of Ni;,Ps with Ni,P or
Ni(0) have also been obtained using phosghines as phosphorus
donors, at intermediate times of reaction.”* No other phase has
been isolated at the nanoscale in a colloidal system so far.

2.1. Nanoscale Mechanism of the Reaction of P, on Ni(0)
NPs. Metal insertions into a P—P bond have been largely
described in organometallic chemistry.>> A similar reaction
occurs for the metal atoms on the surface of a nanoparticle
stabilized by labile ligands, as we have shown in the past.*>*°
However, this does not provide insights on how a Ni(0) fcc
lattice transforms, from the surface to the very core, to a Ni,P
hexagonal lattice. Two extreme pathways can be considered, as
shown in Scheme 1I:

(1) In an “all-ripening” process, the Ni(0) NPs serve as a
reservoir for the generation of Ni(0)—TOP comglexes
whose structures has been described previously.>® The
nickel complexes then quantitatively react with Py,
leading to clusters that aggregate and eventually yield
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Figure 1. XRD powder — Reaction of Ni(0) monodispersed NPs with
1/12 equiv of P, (220 °C, 2 h).

back nanoparticles of Ni,P. This mechanism would be
favored in a large excess of phosphine and at high
temperatures, which trigger ripening effects.

(2) Inan “all-template” mechanism, the reaction starts on the
surface (doping of the Ni lattice with P atoms) and is
followed by P diffusion in the NPs. The reaction being
quantitative, all the “P” atoms are accommodated in the
template. In this second scenario, the size of the ending
particles would be similar to that of the starting particles
(with the Ni and Ni,P structures having similar Ni atom
densities).

Under phosphine-rich conditions (concentrated TOP solu-
tion, leading to a significant etching of the starting NPs), the
formation of nonhollow Ni,P NPs, smaller than the starting
Ni(0) NPs, was observed by Chiang et al.>> A competition
between both mechanisms can then take place in the real reaction
mixture: this is highlighted by syntheses based on the nanoscale
Kirkendall effect, producing hollow NPs with intermediate end-
ing diameters.”>****

These mechanisms have been discussed when using a poor P
donor (partial decomposition of a phosphine). However, the true
understanding of the lattice transformation was hampered by
many features of the system: (i) the need for high temperatures
(ca. 300 °C) to decompose the phosphine, which prevents a
detailed study of nanocrystallization processes; (ii) an uncon-
trolled ripening of the NPs, because of a large excess of
phosphine and high temperature; (iii) a slow delivery of P atoms
on the particles, which is not properly quantified in terms of
stoichiometry, along with no evidence for completeness of the
reaction.

In contrast with this, our synthetic approach relies on the use of
monodispersed Ni(0) nanoparticles whose surface chemistry and
ripening behavior have been characterized in a previous work.”®
The NPs were systematically treated at low temperature (up to
220 °C), preventing both the decomposition of the surface ligand
(TOP) and the formation of nickel carbide.”® At 220 °C, the
reaction of stoichiometric amounts of P, on 25-nm fcc Ni(0)
nanoparticles for 2 h, a time too short to promote significant
ripening, yielded quantitatively Ni,P nanoparticles of similar
diameters (see section 1 of the Supporting Information). Note
that no significant dilatation of the nanoparticles was observed
upon P insertion, because the number of Ni atoms per cubic

Table 1. Size of the Crystallites and Size of the Nanoparticles

for Ni NPs and Ni,P NPs
Scherrer size (nm) TEM size (nm)

nickel 7.3 25
Ni,P 23.0 25

nanometer is roughly the same in both structures: the Ni,P density
is higher than the Ni density. This also accounts for a stronger
TEM contrast of Ni,P, compared to Ni fcc, as will be shown in the
next section. In contrast with other reported systems, our data
clearly point toward a pure templating mechanism at the moderate
temperature of 220 °C. This feature is readily explained by the
much-higher reactivity of P4, compared with the commonly used
phosphorus sources (alkyl or arylphosphine). Indeed, the P—P
bond (ca. 50 kcal/mol) is much weaker than any P—C bonds (ca.
80 kcal/mol) and all the P atoms are immediately available for the
reaction with the Ni NPs, allowing a fast insertion, which we
studied in detail in section 3.4 of this article.

In addition to this, a striking feature of the Ni,P nanoparticles
is their single-domain crystallinity, as evidenced by transmission
electron microscopy (TEM) dark-field imaging and Scherrer
evaluation of the crystallites sizes (see the Supporting Informa-
tion for XRD and HRTEM analyses). Indeed, the starting Ni(0)
NPs exhibited a polycrystalline fcc structure, with a typical
Scherrer diameter of 7 nm (see Table 1). In addition with the
P “loading” of the Ni lattice, the nanoparticles therefore under-
went a complete recrystallization, without any centrifugal migra-
tion of nickel (the so-called “nanoscale Kirkendall mechanism”).
Their spherical and nonfaceted shapes argue for an amorphous-
like intermediate state. Related changes in terms of crystallinity
have been observed using phosphines (with TOP or triphenyl-
phosphine as a P atom donor), but, as mentioned above, under
more-stringent conditions,”*** and were thus associated to NP
morphology transformations.

Because of its shape- and size-conservative feature, this metal-
to-metal-phosphide transformation could then be investigated
using lower amounts of phosphorus, both from a mechanistic
point of view and for the design of new composite NPs.

2.2.Core—Shell Ni,P—Ni Nanoparticles. The reaction with a
substoichiometric amount of P, was then studied. 1/3 equiv of P
was reacted with 25-nm Ni(0) nanoparticles at 220 °C for 2 h.
Logically, no free P, was detected by *'P solution NMR at the
end of the reaction, indicating its quantitative consumption. After
isolation of the nanoparticles, the Ni3P phase, expected from the
initial ratio of Ni/P, was not identified but rather was a mixture of
Ni,P and Ni(0) fcc phases (see Figure 1). Interestingly, the bulk
phase diagram of the Ni—P system indicates that both Ni;P and
Ni,P phases are stable up to 890 °C.** This underlined a
nanoscale effect on the relative phase stabilities of NizP versus
Ni,P. Note in Figure 1 that the Ni fcc peaks are both weaker and
broader than the Ni, P peaks, suggesting that a significant amount
of nickel could also persist in amorphous or very small crystal-
lized domains.

These preliminary observations raised the question of the
localization of both species in the sample. Indeed, the aforemen-
tioned migration of P in the Ni(0) template should also occur
when one uses a substoichiometric amount of P, but the precise
distribution of P in the NPs can hardly be predicted. Symmetry
arguments plead for a “sphere-in-a-sphere” structure (with the
starting NPs being spherical, and P, reacting homogeneously on
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Scheme 2. Proposed Formation Mechanism for Ni,P—Ni
Core—Shell Nanoparticles
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a spherical surface, the resulting NPs should have a spherical
symmetry), while XRD measurements argue for larger Ni,P and
smaller Ni crystallites. On the whole, XRD analysis is compatible
with nanoparticles made of a Ni,P core surrounded by a Ni shell
(see Scheme 2).

A further proof might have been given by an energy-dispersive
spectroscopy (EDS) analysis of the core—shell nanocomposite.
Yet, EDS studies were hampered here by (i) the presence of
significant amounts of trioctylphosphine (stabilizing ligand) on
the surface of the particles, and (ii) the presence of P in the
core of the particles, which is only a few nanometers under the
shell. Using EDS on an isolated nanoparticle of the grid,
attempts at detecting significant variation of the Ni/P ratio
from the outer part of a particle to its center were not
successful. XPS analysis on the sample revealed significant
amounts of phosphine ligands on the surface of the NPs,
despite repeated washing (see the Supporting Information).
Moreover, examining the Ni 2p edge spectrum gave no
additional information, with the contributions of Ni(0) and
Ni inside the Ni,P structure being at the same energy. Most
importantly, XPS at the C 2s edge confirmed the absence of
nickel carbide (NizC) in our samples, as we had anticipated
under these mild heating conditions.

HRTEM observations delivered more-compelling data. They
proved the formation of a core—shell structure (see Figure 2).
The existence of crystallized Ni,P domains inside the NPs, in the
form of one single-crystallized Ni,P domain in the center of each
core—shell NPs, which is obvious on the HRTEM, confirmed the
XRD data. The presence of a poorly crystallized Ni fcc shell (with
a thickness of ca. 2 nm) around the Ni,P core is also apparent.

In accordance with the diffusion mechanism proposed above,
P atoms seem to diffuse into the nanoparticles, from the surface
to the core. Phosphorus accumulates in the particles while the Ni
atoms reorganize to accommodate them, resulting in crystal-
lization of the Ni,P structure. As a consequence, the shell is
composed of the species that did not take part in the crystal-
lization: most probably, the Ni atoms, because of the defect in
stoichiometry. Assuming that all of the phosphorus would be in
the core (crystallized domain), calculation indicates that the ratio
of the radius core to the radius shell is (2/3)1/3 (~0.87).>” Fora
25-nm-diameter nanoparticle, the shell thickness would then be
1.6 nm, in agreement with the ca. 2 nm shell observed on the
TEM pictures. Finally, energy-filtered transmission electron
microscopy (EFTEM) analysis performed at the P L,;-edge
(Figure 3) enabled us to confirm the presence of a P-poor shell,
in agreement with the proposed phase-segregation mechanism.
All the NPs present the same morphology, confirming the
homogeneous repartition of phosphorus in the sample.

2.3. Reactivity of the Shell. As a complementary “chemical
proof” for our hypothesis on the Ni-rich structure of the shell, we

Figure 2. HRTEM observations on NPs produced by the reaction of
Ni(0) NPs with 1/12 equiv of P, (220 °C, 2 h). The Ni,P core appears
darker than the Ni shell, because of its higher density.

Scheme 3. Reaction Pathway from Ni,P—Ni Nanoparticles
to Pure Ni,P Nanoparticles

T+ 1/6 equiv.
inP Ni/P =2
Crystallized

Ni/P =3

checked that reacting our Ni,P—Ni nanoparticles with more P,
yields pure Ni,P nanoparticles (see Scheme 3).

The reaction was conducted without isolation of the inter-
mediate Ni,P—Ni core—shell nanoparticles (albeit an aliquot
was taken out of the reaction mixture of XRD and TEM
analyses). 1/6 equiv in P was added at room temperature to
the solution of NPs, and the mixture was heated back at 220 °C
for another 2 h. The analysis of the final product by XRD and
TEM did indeed show the presence of pure Ni,P nanoparticles
(see the Supporting Information). This shows that the shell of
the core—shell nanoparticles does indeed react as a Ni shell
toward Py, confirming its structure.

2.4. From Ni(0) NPs to Core—Shell Ni,P—Ni Nanoparticles:
A Step-by-Step Study. By heating at 220 °C for 2 h, only the
crystallized Ni,P phase could be trapped. However, we wondered if
the crystallization went through an intermediate NizP phase
(successive phase transformation), or directly from an amorphous
structure of stoichiometry Ni/P = 3 to a mixture of Ni,P and Ni. This
process was studied in detail, looking for possible metastable phases
that could be trapped at lower temperatures or shorter reaction
times. A first set of experiments was conducted at various tempera-
tures (70, 120, 150, and 220 °C), and a second using different
heating times (15, 30, 60, and 90 min) at 220 °C. In each case, TEM
observations indicated the same size for the nanoparticles.

The experiments conducted at very low temperature (70 °C
for Ni/P = 4 and 120 °C for Ni/P = 2) with a heating time of 2 h

2273 dx.doi.org/10.1021/cm200575g |Chem. Mater. 2011, 23, 2270-2277
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Figure 3. (Left) TEM image; (right) qualitative P-map obtained by EFTEM analysis at the P L,;-edge, using the jump-ratio method.
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Figure 4. XRD on nanoparticles synthesized at a Ni/P ratio of 3, at
different temperatures and heating times. The spectrum of the starting
Ni nanoparticles is also presented, as a reference.

yielded only amorphous nanoparticles (see the Supporting
Information). Only when the temperature was increased, to
150 °C, did partial crystallization (see Figure 4) of Ni,P begin
to be observed. Note that the nanoparticles were still partially
amorphous nanoparticles, attested by the presence of a broad
signal centered at 45° (see Figure 4). After 2 h at this tempera-
ture, Ni fcc was still detected in the sample. The second set of
experiments showed that the crystallization of Ni, P required <15
min at 220 °C. Interestingly, at this stage, no Ni fcc was observed,
indicating that amorphous regions remained in the sample. Only
when the heating process was extended to 90 min was partial
crystallization observed via XRD (see Figure 4). This was
corroborated by TEM observation of these samples (see the
Supporting Information) that show the presence of a well-
contrasted shell only after a long heating. The nanoscale-induced
phase segregation can thus be summarized as follows: (i) the
NP crystallites grow fast at 220 °C in the core of each
nanoparticle, and (ii) the appearance of crystalline Ni domains
is much slower. (See Scheme 4.)

No intermediate crystalline phase (NiP, NisP,, Ni;,Ps) was
detected during the course of the process. The system evolved
according to a phase-segregation process, from a mixture of Ni
and P to a well-defined Ni,P—Ni structure.

The variation of the stoichiometry of white phosphorus vs Ni
was probed, in order to tune the thickness of the shell. Analogous
experiments were reproduced using Ni/P ratios of 2.5 and 4. The
same steps were observed during the heating process and shell
thicknesses of ca. 1.6 and 2.4 nm, respectively, were measured by
TEM (see the Supporting Information).

Overall, the structure obtained here (Ni,P in the core and Ni
in the shell) is the opposite of the structure obtained in the
studies reported by Zheng et al.*** and Wang et al*** The heating
conditions are softer in the present study, which could have
favored the formation of the phosphide phase on the outer shell.
Three points may be presented to explain our results.

(1) Migration of the Ni from the core to the shell regions of
the metal phosphide is possible, as demonstrated by
several reports of hollow structures from the “nanoscale
Kirkendall effect”.**

(2) The “P” atom donor, white phosphorus, because of the
low P—P bond strength, is very reactive, even at low
temperature. Unlike the phosphines used in the other
studies, it reacts quantitatively and in a stoichiometric
manner.

(3) Finally, each P, molecule provides 4 equiv of P atoms at a
time and within the first moments of the reaction, which
is a kinetically favorable process. In contrast, the decom-
position of the P—C bond of the phosphines is a slow and
complex mechanism: it provides only a small instanta-
neous amount of individual P atoms.

Overall, we believe that the core—shell structure that is
observed depends on the relative kinetics of each migrating
species (Ni toward the outside vs P toward the inside).

2.5. Magnetization as a Complementary Probe for Phase
Segregation. The mechanism proposed in Scheme 4 involves
the formation of amorphous Ni/P NPs, crystalline Ni,P/amor-
phous Ni shell, and finally both crystalline Ni,P/crystalline Ni
core—shell structures. The amorphous intermediates are typi-
cally difficult to analyze, but, interestingly, crystalline Ni(0)
nanoscaled domains show a magnetic contribution, while Ni,P
and Ni—P amorphous NPs do not. In order to obtain yet more-
precise mechanistic information, the phase-segregation process
was studied by analyzing the magnetization of the nanoparticles.
The saturation magnetization of samples obtained for a Ni/P =3
stoichiometry, heated at 220 °C for various reaction times, was
thus analyzed at 5 K (see Figure S). After the sample was cooled
without any magnetic field, the magnetization was measured with
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Scheme 4. Detailed Reaction Pathway from Time- and Temperature-Dependent XRD Analyses
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Figure 5. Magnetization—magnetic field (M = f(H)) curves at S K for
Ni/P = 3 samples at different heating times.

an increasing applied field (at S K). Note that all the NPs have a
diameter of ca. 25 nm, which is roughly the critical size for a single
magnetic domain in nickel.*® The value of saturation magnetiza-
tion was larger when the sample underwent a longer thermal
treatment. This proved that the appearance of a magnetization
during thermal treatment was directly linked to the total amount
of nickel domains that appeared in the nanoparticles. Therefore,
this observation confirmed the phase-segregation mechanism
shown above: starting from the amorphous phase with Ni/P ratio
of 3/1, with temperature treatment, the formation of the crystal-
line and nonmagnetic Ni,P core precedes the formation of
crystalline nickel domains that can be magnetized.

As shown in Figure §, the length of the thermal treatment for
the process to be quantitative is ca. 2 h, in full accord with the
XRD data presented above.

2.6. Ni Tunable Magnetic Shell Supported on a Ni,P Core.
Previously, it was shown that the stoichiometry of P, conditions
the size of the Ni shell. Therefore, we postulated that it would be
possible to tune the magnetic properties of the mixed Ni,P/Ni
core—shell particles by carefully adjusting the substoichiometric
amount of P,. The same reactions were conducted with various
amounts of P, (with 2 h of heating at 220 °C) (see the
Supporting Information for XRD analysis). As expected, the
total magnetization was larger when the Ni(0) shell is thicker
(see Figure 6). In the end, the nanoscaled phase-segregation

3. CONCLUSIONS

In this article, we have described an original method to prepare
Ni,P—Ni core—shell monodispersed nanocomposites under
mild reaction conditions, using the fast and quantitative as well
as stoichiometric reactivity of P, as the “P atom donor”. Our
study provides, for the first time, clear insights on both kinetics
and thermodynamics of the formation nickel phosphide. More-
over, the reaction of substoichiometric amounts of P, with Ni
NPs allowed us to uncover a nonclassical phase-segregation
mechanism induced by the small size of the nanoparticles. The
intraparticle recrystallization process starts at low temperature
(150 °C), which appears to be another consequence of the
nanometric size of the particles. This phase segregation from
Ni,/P, amorphous material to a Ni,P—Ni core shell structure
was also proved using the magnetic properties of nickel. Finally,
we showed that fine-tuning of the particle magnetic properties
can be done via a simple variation of the P, substoichiometry. We
believe these tunable core—shell nanoparticles, exhibiting a
magnetic shell, to be of great interest for the study of magnetic
interactions at the nanoscale. We are currently investigating this
“nanoscaled-induced phase segregation” on more-complex sys-
tems, such as Fe—P nanoparticles, which exhibit two stable
phases at the nanoscale (FeP and Fe,P).

4. EXPERIMENTAL SECTION

Nanoparticles Synthesis. All reactions were carried out under
nitrogen atmosphere, using standard air-free techniques.* Nickel NPs
were synthesized according to a literature procedure.®® Briefly, Ni-
(acac), (2.00 g, 7.80 mmol) was added to 78.0 mmol of oleylamine
(20.8 g, 10 equiv, 70% oleylamine, purchased from Aldrich) and 6.24
mmol of TOP (2.30 g, 0.8 equiv, 97% TOP, purchased from Strem). The
mixture was degassed at 100 °C and heated at 220 °C for 2 h under inert
atmosphere, quickly giving a black solution. After 2 h, the heating was
stopped and the solution left to cool to room temperature. The Ni(0)
nanoparticles solution was used as such for the second step (although a
small aliquot was taken out for analysis).

Nickel phosphide nanoparticles (NPs) were obtained by adding P4 in
solution in toluene (13.0 mL; concentration in P: 0.3 mol/L, 0.5
equivalent in P) to the as-synthesized solution of nickel NPs.** The
toluene was evaporated at 60 °C under vacuum and the solution was
heated under nitrogen at 220 °C for 2 h (or at at a lower temperature or
for a shorter time, as indicated in the Results and Discussion). The
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Figure 6. (Left) M =f(H) curves at S K for Ni,P, NPs (thermal treatment: 220 °C, 2 h). See the Supporting Information for an enlarged view of the
£1500 kOe region. (Right) Saturation magnetization of the samples at 5 K (the line is in place to guide the eye).

mixture was cooled to room temperature and centrifuged after addition
of 40 mL of acetone to give a black product. The nanoparticles could be
easily redispersed in hexanes to prepare the TEM grids (deposition of
one drop of the colloidal solution on a copper grid).

Other Ni/P compositions, ranging from Ni/P = 4 to Ni/P = 2, were
obtained by varying the amount of P,. The time and temperature of
heating for the second step was studied, as indicated in the Results and
Discussion.

Characterization. Powder XRD measurements were performed
with a Bruker D8 X-ray diffractometer operating in the reflection mode,
using Cu Kot radiation with a beam voltage of 40 kV and a beam current
of 40 mA. The data were collected in the 20°—85° range (26) with steps
of 0.05° and a counting time of at least 3 s.

Transmission electron microscopy (TEM) samples were prepared by
evaporating a drop of a hexanes-diluted suspension of the nanoparticles
on a carbon-coated copper grid. The nanoparticles were studied using a
TECNAI 120 (120 kV) apparatus for routine analyses. A JEOL 2100
TEM/STEM microscope was used for HRTEM and EFTEM analyses.
Qualitative P elemental maps were thus recorded in EFTEM mode at the
P L,3-edge using the jump-ratio method.

NMR spectra were recorded on a Bruker AMX-300 spectrometer. >'P
chemical shifts are relative to a 85% H;PO, external reference.

SQUID measurements were performed using a Cryogenic SX600
SQUID magnetometer. The measurements were recorded on very
freshly synthesized nanoparticles kept under inert atmosphere. Magne-
tization—magnetic field (M = f(H)) curves were measured at 5 K. Zero
field cooling (ZFC) and field cooling (FC) curves were recorded using a
field of 50 G. Despite the washings, the samples contain a small fraction
of organic ligands that contribute to the mass of the sample but not to the
magnetization. However, the proportion of ligands is the same in all the
samples. A quick calculation, based on the number of Ni surface atoms,
indicates that their fraction is <3% of the total mass. Thus, the data are
normalized by the mass of the nanoparticles, which includes Ni,P and
Nj, plus a very small amount of organic material.

B ASSOCIATED CONTENT

© Supporting Information. Complementary HRTEM and
XRD measurements, XPS analyses on Ni,P—Ni core—shell
nanoparticles. This information is available free of charge via
the Internet at http://pubs.acs.org/.
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