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Three-dimensional limiting of extended solids to produce nano-
particles has a profound influence on the magnetic, electronic, and
optical properties of a materiaf. The study of such size-dependent
phenomena is predicated on access to well-defined materials ang
impacts both advancements in existing technologies (e.g. the effect
of decreasing bit size on device performance) as well as new,
unanticipated technologies. Although general routes to nanoparticles
of main group pnictides (pnicogen group 15 element) such as
InP and GaAs have been develogedyanoparticles of transition
metal analogues remain largely unexplored. This is surprising
because bulk transition metal pnictides exhibit properties of - 800 x 800 nm? distance (nm)

significant interest including ferromagnetism, magnetoelastic and Figure 1. AFM study of iron phosphate nanoparticles. (A) An 89800

magnetooptical propgrties, semiconductivity, and. superconduct?v- nn® topographic image. (B) Cursor profile of two nanoparticles from (A),
ity.5 Understanding size-dependent phenomena in nanocrystallinemeasuring 2.7 and 2.9 nm, respectively.

transition metal pnictides may contribute to the advancement of
technologies, such as magnetoresistive sensing, magnetic refrigera-
tion, and data storage and transmission. However, the lack of
synthetic methodologies has severely limited the opportunities for

systematic exploration of the size-dependent physical properties in H

these materials. FeP ﬂ
The reduction of transition metal pnictates (other than nitrate) . M M
to pnictides is a proven route to bulk, microcrystalline pnictide & “ J
phases of Fe, Co, W, and Mo, among otheVge are interested in § T”?OW“U‘ %a FeP
exploiting this method for the facile production of transition metal §
pnictide nanoparticles by using preformed transition metal pnictate &
nanoparticles as precursors. This route should be general for a &

number of transition metals and pnicogens and has the benefit of
avoiding the use of highly toxic and pyrophoric agents such as
P(SiMe&)s, commonly employed in main group nanoparticle
synthesi$:* Additionally, the method is expected to permit control
of stoichiometry, an important criterion as the phase diagrams of . W ; 4
transition metal pnictides are considerably richer than their main A T T e ]
group congeners. As proof of concept, we report herein the 20 30 40 50 60
application of pnictate reduction to the synthesis of transition metal 2-Theta

pnictide nanoparticles, specifically, the magnetic iron phosphides Figure 2. X-ray diffraction patterns of precipitated iron phosphate
nanoparticles annealed underp/Ar at 700 and 1100°C (inset), and

8
FeP and Fé. . . corresponding line diagrams for FeP {78443) and FgP (85-1725)13
The precursor iron phosphate nanoparticles were produced by a

route analogous to that reported for the synthesis of LaPO indicative of the formation of large crystallite sizes00 nm),
nanoparticles,and the morphology and size were determined using  indicating that sintering has occurred. The presence of crystalline
atomic force microscopy (AFMY’ Figure 1A reveals the typical  phosphates such asH@0y,) (powder diffraction file (PDF): 76
morphology of these nanoparticles to be nearly spherical. Particle 0223) at temperatures of ca. 40@, in turn, suggests that the
diameter was measured from the height in the cursor profiles as sintering occurs well before reduction to the pnicti@@etween
illustrated in Figure 1B and was found to range in size from 1.4 800 and 1000°C, both FeP and RP are observed, suggesting
to 4.6 nm, with an average value of 2180.6 nm for this sample.  transformation from FeP to B with loss of phosphorus as a
Reduction of precipitated particles in#Ar atmosphere produced  yolatile byproduct (likely as phosphin&.
crystalline patterns of phase-pure FeP (7a) and FeP (1100 To prevent sintering, we have begun to explore techniques for
°C) (Figure 2)'2 However, the sharp diffraction patterns are preventing aggregation during reduction by increasing the inter-
t Wayne State University. particle sepqration and/or restr@cting thg particle mobil!ty. The§e
¥ University of California, Davis. can be achieved by decreasing particle concentration during
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Figure 3. AFM topographic study of the particles after annealing. Surface-
confined precursors were calcined at 7@ for 1 h, in 7% hydrogen in
nitrogen. (A) Precursor concentration: 2.3 mg/mL. (B) Cursor profile from
(A). (C) Precursor concentration: 0.19 mg/mL. (D) Cursor profile from
(B).
reduction and confining the particles on surfaces, respecti¥ely.
Accordingly, particles were reductively annealed directly on the
mica substrate.

The results of directly annealing surface-confined phosphate
nanoparticle precursors at 70Q are illustrated in Figure 3 At
high initial coverage, the resulting iron phosphide particles are 3D
aggregates ranging from 0.8 to 37 nm (average #3817 nm) as
shown in Figure 3A. Quantitative measurements of two relatively
large particles are shown in Figure 3B. The scale of these 3D
aggregates represents a significant growth in particle size relative
to the phosphate precursor employed for this experiment .18
1.3 nm). However, at low coverage, phosphide nanoparticles exhibit
a near-spherical morphology with an average size of #40.5
nm, as shown in Figure 3C and D. Assuming spherical geometry,
we found that annealing results in 35% reduction in particle
diameter £75% reduction in volume), consistent with oxygen loss
during the transformation of phosphate to phosphide (predicted
volume reduction from FePO 72% for FeP, 79% for F£). On
the basis of data obtained for sintered samples (Figure 2), the
expected phase at 70C is FePt6

The reduction of phosphorus is further confirmed in the XPS
spectra (Supporting Information). The P 2p XPS spectrum reveals
two peaks at 132.7 and 128.4 eV, respectively, with an intensity
ratio of 70:30. The lower energy peak is consistent with the binding
energy for FeP (129.5 eV}},demonstrating that some reduction
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not unexpected as the samples are exposed to air during introduction

to the XPS chamber. These data, including the observation of
oxidation, are consistent with those observed for other phosphide
nanoparticles (e.g., InP).

In conclusion, the preparation of iron phosphide nanoparticles

presented here represents the first report of the use of preformed

nanoparticle precursors for the synthesis of nanoparticulate pnic-
tides. However, this general methodology is expected to be
applicable to a wide range of transition metals and pnicogens. To
date, we have successfully extended this approach toANli

nanoparticulate phases and are also investigating other strategies

for limiting aggregation, including solution reduction routes, to
further expand the versatility of the method.
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to that observed in the bulk, or if there are differences due to size effects,
and this will be presented in a full paper.

(17) Binding energy data are available online at http://srdata.nist.gov/xps/.

JA028180V

J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003 4039



