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esearch efforts on nanoscale sys-

tems have risen exponentially dur-

ing the past decade because of the
unique and, for some applications, superior
properties exhibited by nanomaterials com-
pared to their bulk counterparts. High cata-
lytic activity, superparamagnetism, and
quantum confinement are among the no-
table properties that can be achieved in
nanosized systems. Transition metal phos-
phides are an interesting class of materials
and worth investigating on the nanoscale
because of their wide scope of properties
and applications.! Among these, iron phos-
phides and their ternary phases have been
targeted for their magnetic characteristics,
which include ferromagnetism, magneto-
resistance, and magneto-caloric effects.>3
However, iron phosphides exist in a wide
range of stoichiometries including Fe;P,
Fe,P, FeP, FeP,, and FeP,, and the proper-
ties depend sensitively on their physical and
electronic structure.*~7” Thus, FesP and Fe,P
are ferromagnetic, FeP is metamagnetic,
and FeP, and FeP, are diamagnetic semi-
conductors. These properties are expected
to vary with size and shape when prepared
on the nanoscale, opening up new avenues
of investigation and potential applications.
Thus, significant effort has been applied to-
ward the synthesis of iron phosphides on
the nanoscale, but the factors that deter-
mine the specific phases generated are not
well-documented, and the purity of some of
the phases reported has been debated.

The synthesis of FeP nanoparticles was

first reported by our group from reaction
of Fe(acac); with P(SiMes); in trioctylphos-
phineoxide (TOPO) at 280 °C.8 However, de-
composition of organometallic species to
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ABSTRACT The transformation of Fe nanoparticles by trioctylphosphine (TOP) to phase-pure samples of

either Fe,P or FeP is reported. Fe nanoparticles were synthesized by the decomposition of Fe(CO)s in a mixture of

octadecene and oleylamine at 200 °C and were subsequently reacted with TOP at temperatures in the region of

350—385 °C to yield iron phosphide nanoparticles. Shorter reaction times favored an iron-rich product (Fe,P), and

longer reaction times favored a phosphorus-rich product (FeP). The reaction temperature was also a crucial factor

in determining the phase of the final product, with higher temperatures favoring FeP and lower temperatures

Fe,P. We also observe the formation of hollow structures in both FeP spherical nanoparticles and Fe,P nanorods,

which can be attributed to the nanoscale Kirkendall effect. Magnetic measurements conducted on phase-pure

samples suggest that ~8 X 70 nm Fe,P rods are ferromagnetic with a Curie temperature between 215 and 220

K and exhibit a blocking temperature of 179 K, whereas FeP is metamagnetic with a Néel temperature of ~120 K.

These data agree with the inherent properties of bulk-phase samples and attest to the phase purity that can be

achieved by this method.

KEYWORDS: iron phosphides - nanoparticles - synthesis - magnetic

properties - structure transformation
generate transition metal species and the
use of alkyl phosphines, like trioctylphos-
phine (TOP), as the phosphorus source has
proven to be a more general and less ex-
pensive route to transition metal phosphide
nanoparticles.*® Thus, Hyeon and co-
workers reported the synthesis of both
FeP'? and Fe,P'" nanorods by the continu-
ous injection of Fe(CO)s and TOP using a sy-
ringe pump into hot surfactant/solvent sys-
tems. When the Fe—TOP complex was
injected into a mixture containing oley-
lamine and octylether maintained at 300
°C, they were able to obtain Fe,P nanorods,
whereas when oleylamine and octylether
were replaced with TOPO and the system
aged at 360 °C, FeP nanorods were gener-
ated. The formation of a phosphorus-rich
product in the latter case was attributed to
the combination of TOPO and TOP resulting
in a phosphorus-rich environment.’® Using
a similar system to that reported by Hyeon
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Scheme 1. Synthesis of Fe nanoparticles and subsequent conversion to Fe,P nanoparticles.

for FeP, Liu'? and co-workers showed that FeP nano-
rods and nanowires could also be accessed at lower
temperatures (300 °C), and Chi'* and co-workers
showed that a different precursor, (n*
cyclohexadiene)irontricarbonyl, also yields FeP nano-
wires with TOP at 360 °C. Very recently, the Whitmire'
group used a single source precursor containing Fe/P in
the ratio 3:1 with the aim of maintaining the ratio of
the molecular precursor in the product. However, the
decomposition of the precursor at 315—330 °C resulted
in Fe,P nanorods instead of the expected product,
FesP. Finally, Schaak' '8 and co-workers transformed a
variety of transition metal nanoparticles into their re-
spective phosphide phases by reacting them with TOP.
In particular, FeP nanoparticles were prepared by react-
ing Fe nanoparticles with TOP in hexadecylamine (HDA)
at 360 °C.'¢

A similarity in many of the methods was the use of
TOP as a nonstoichiometric precursor and cosolvent. Al-
though some of the above methods have purported
to result in phase-pure products, careful examination
of powder X-ray diffraction (PXRD) patterns, as well as
contradictory magnetic properties, suggests the pres-
ence of secondary phases.'®'* Unfortunately, attempts
to control stoichiometry using more reactive phos-
phines or single-source molecular precursors have not
proven to be effective either.'* In order to be able to tar-
get desired phases and gain an accurate estimation of
the magnetic properties of nanoscale iron phosphides,
a detailed study of the parameters that govern phase
formation is needed.

Our objectives are to (i) determine the role of vari-
ous synthetic parameters on the phase of Fe,P gener-
ated, (ii) apply these methods to the formation of nar-
row polydispersity samples that are phase pure, and (iii)
determine the intrinsic physicochemical properties of
the iron phosphides as a function of phase on the nano-
scale. We employed the generalized approach to pre-
pare transition metal phosphide nanoparticles reported
by Schaak and co-workers.”*~'® Fe nanoparticles were
prepared first and then converted to the phosphide
phase by reacting them with TOP. The role of tempera-
ture, amount of Fe and phosphorus precursors, and re-
action duration in determining the final phase of the
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Fe,P nanoparticles will be discussed, and the intrinsic
magnetic properties of FeP and Fe,P described.

RESULTS AND DISCUSSION

Fe,P nanoparticles were prepared by conversion of
preformed Fe nanoparticles with TOP at elevated tem-
peratures, as summarized in Scheme 1. Spherical Fe
nanoparticles were synthesized using the method re-
ported by Sun and co-workers' by injecting Fe(CO)s
into a degassed mixture of octadecene and oleylamine
maintained at 200 °C. Within a few minutes, the system
changed from colorless to black, indicating the forma-
tion of Fe nanoparticles. TEM analyses of aliquots taken
from the reaction system of Fe nanoparticles after 20
min indicated formation of spherical nanoparticles with
a core—shell structure (Figure 1a and Supporting Infor-
mation). The shell can be attributed to the surface oxi-
dation of reactive Fe nanoparticles during isolation.?® A
size distribution plot (Supporting Information) for these
nanoparticles indicates that they are nearly monodis-
perse with an average size of 15.0 = 0.7 nm (core plus
shell). In line with the literature reports, the PXRD pat-
tern of the Fe nanoparticles is featureless, indicating
that they are amorphous (Supporting Information).”
The isolated nanoparticles are attracted to the mag-
netic stir bar, consistent with formation of a ferromag-
netic phase (Fe or Fe oxide).

In situ conversion of the Fe nanoparticles (aged for
20 min) into phosphide phases was initiated by either
injection of TOP into the Fe nanoparticle system at 200
°C followed by raising the temperature to 350—385 °C
for time intervals of 1 h to several days (Scheme 1,
PATH-A) or cannulation of the Fe nanoparticles at 200
°C into preheated TOP maintained at 350—370 °C
(Scheme 1, PATH-B). A series of reactions were con-
ducted in which reaction temperature, reaction time,
and Fe and P precursor amounts were independently
varied in order to discern the key parameters govern-
ing phase formation and transformation within the Fe,P
nanoparticle system and the optimal conditions to pre-
pare phase-pure samples.

Effect of Time at 350 °C: Reaction Series I. As a phosphorus
source, TOP is relatively inert, requiring high tempera-
ture for activation (presumably by P—C bond cleavage)
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Figure 1. (a) TEM image of Fe nanoparticles aged for 20 min at 200 °C. (b) Reaction series I: PXRD patterns of the product
from PATH-A (Scheme 1) as a function of heating time at 350 °C, compared to reference patterns for FeP and Fe,P; TEM im-

ages of the Fe,P nanoparticles after (c) 1 h and (d) 24 h.

and producing a lower yield of active phosphorus rela-
tive to P(SiMe;); (activation by P—Si bond cleavage and
employed as a stoichiometric reagent).2 Accordingly,
we hypothesized that the amount of active phospho-
rus available to react with Fe nanoparticles could be
manipulated by adjusting the temperature and the re-
action duration. In order to test this hypothesis, we
started the conversion reactions at 350 °C and varied the
heating time from 1 to 24 h. The PXRD patterns for the fi-
nal products are given in Figure 1b. The PXRD pattern of
the 1 h sample indicated formation of a poorly crystalline
material with broad peaks that can be indexed largely to
Fe,P. The samples made at longer heating times were
characterized to be a mixture of both Fe,P and FeP, with
the former being the major product at short reaction
times and the relative amount of the latter going up with
increasing reaction time. The specific quantities of Fe,P
and FeP were not determined because we find that even
small variations in reaction setup (using a different mantle
or temperature probe) result in different relative quanti-
ties of the two species. Nevertheless, the trends observed,
which are the focus of this investigation, are completely
reproducible, and this is the first report of Fe,P formation
by the nanoparticle conversion route developed by
Schaak and co-workers.'®

With respect to morphology, products of the 1 h re-
action were found to consist mostly of rods (Figure 1c),
whereas the samples heated for longer times were
found to be a mixture of both rods and spherical par-
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ticles (Figure 1d). The change in morphology of the par-
ticles may be attributed to the gradual change of the re-
action product from the Fe-rich product to a P-rich
product. While orthorhombic FeP nanoparticles can be
prepared as either spherical particles® or rods growing
perpendicular to the (011) or (013) planes,'®'? depend-
ing on reaction conditions; hexagonal Fe,P nanoparti-
cles are reported to favor formation of nanorods with
preferential growth along the [001] axis.'®'"* Hollow
structures were also apparent in the spherical particles
as well as the rods, similar to the Ni,P hollow structures
reported by Schaak and co-workers'>'® and Chiang
and co-workers.?" The formation of hollow structures is
attributed to the nanoscale Kirkendall effect occurring
due to the difference in the diffusion rates of Fe ions
outward and P ions inward. At short times (1 h), the
products are strongly attracted to a stir bar. On the ba-
sis of the fact that neither Fe,P nor FeP is expected to be
ferromagnetic at room temperature, this suggests that
iron conversion is incomplete. In contrast, particles iso-
lated after 3 h or longer were no longer attracted to a
magnetic stir bar, suggesting the iron had completely
reacted.

Effect of Precursor Concentration (TOP and Fe(C0)s): Reaction
Series Il and Ill. We next explored the possibility that the
precursor concentrations play a role in determining the
phase and phase purity of the final product. During
the conversion, we first varied the amount of TOP from
2.5 t0 26.5 mL (5.6 to 59.4 mmol) while heating for
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Figure 2. (a) Reaction Series II: PXRD patterns of the products from PATH-A (Scheme 1) as a function of TOP quantity; reactions were

carried out at 350 °C for 24 h with 0.35 mL (2.7 mmol) Fe(CO)s, (b) Reaction Series lll: PXRD patterns of the products from PATH-A
(Scheme 1) as a function of Fe(CO)s quantity; reactions were carried out at 350 °C for 6 h with 10 mL (22.4 mmol) TOP.
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24 h at 350 °C. PXRD data suggested a mixture of
phases with varying compositions of Fe,P/FeP (Figure
2a). At low concentrations of TOP (5.6 mmol) the Fe-rich
product (Fe,P) was favored, whereas FeP formation
was favored when more TOP was used in the reaction,
suggesting a higher concentration of “available” phos-
phorus can drive conversion of Fe and/or Fe,P to FeP.
However, even for very large TOP amounts, Fe,P re-
mains a significant byproduct.

We also varied the concentration of Fe precursor, Fe-
(CO)s, keeping all other reaction parameters constant,
with the expectation that increasing the available iron
would favor the Fe-rich product (Fe,P). The PXRD pat-
terns of the final products are given in Figure 2b. For 0.4
mL (3 mmol) of Fe(CO)s or lower, the final product was
indexed to both FeP and Fe,P phases, whereas the
samples made with higher amounts of Fe(CO)s (0.8
mL, 6 mmol and 1.0 mL, 7.6 mmol) could be uniquely in-
dexed to the Fe,P phase. Presumably, increasing the
precursor molar ratio of Fe/P from 0.067 to 0.34 results
in a higher concentration of Fe nanoparticles and
thereby promotes formation of the Fe-rich product

() VOL.3 = NO.8 = MUTHUSWAMY ET AL.

(Fe,P) while simultaneously eliminating the
phosphorus-rich product (FeP).

Optimal Conditions for Phase-Pure Fe,P Nanoparticles and
Magnetic Properties. Despite appearing “PXRD pure”, the
6 h Fe,P samples prepared with =0.8 mL of Fe(CO)s
were found to respond to a magnet at room tempera-
ture, suggesting the possible presence of unconverted
Fe nanoparticles in the final product. To enable com-
plete conversion to the iron-rich phosphide phase
(Fe,P), reactions were carried out for a longer duration
(24 h) with an intermediate amount of Fe(CO)s (0.7 mL,
5.3 mmol) and 5 mL (11.2 mmol) of TOP. The PXRD pat-
tern (Figure 3a) of the sample again matches well with
the reference pattern for Fe,P, but the sample is not at-
tracted to the stir bar, suggesting conversion is com-
plete in this case. TEM images (Figure 3b and Support-
ing Information) of the final product indicated that the
sample consisted mainly of rods of varying lengths (40
to 110 nm) with an average width of 8 nm. A small num-
ber of near spherical particles was also observed.

The magnetization (M) as a function of temperature
(T) for Fe,P nanorods was measured using zero-field-

www.acsnano.org
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Figure 3. (a) PXRD pattern of a phase-pure Fe,P nanoparticle sample indexed to reference pattern PDF #85-1727. (b) TEM
image of the Fe,P nanorods. (c) Magnetization vs temperature data on Fe,P nanorods. (d) Arrott plot measurements to de-

termine Tc.

cooled (ZFC) and field-cooled (FC) measurement proto-
cols at an applied field of 100 Oe. These data are shown
in Figure 3c. Both curves show a sharp rise in suscepti-
bility below 250 K, consistent with the onset of ferro-
magnetic order. To determine the exact Curie tempera-
ture (T¢) of the Fe,P sample, M versus H curves were
collected at temperatures around the expected the T¢
(200—235 K) and plotted as M? versus H/M (Arrott plots,
Figure 3d). For a second-order phase transition, such
as the magnetic ordering transition observed here, Ar-
rott plots yield a set of parallel lines with the curve cor-
responding to T = T¢ passing through the origin.?2 Our
data show that the 215 and 220 K measurements pass
on either side of the origin, suggesting the T¢ for the
nanorods occurs between these values. This agrees
with the transition temperature for bulk Fe,P (217 K) re-
ported by Fujii and co-workers.?®

ZFC measurements enable superparamagnetic be-
havior, characteristic of nanoscale ferromagnets, to be
assessed. The superparamagnetic transition or blocking
temperature, Tg, refers to the temperature at which
the thermal energy dominates the magnetic energy
over the time scale of the measurement, that is, where
magnetic relaxation of the nanoscale ferromagnets is
faster than the measuring time and the coercive field
drops to zero. For a nanoparticle system, Tg typically in-
creases with increased magnetic volume and magne-
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Figure 4. PXRD patterns depicting the effect of temperature on
the distribution of FeP and Fe,P in the product produced by PATH-A
(Scheme 1). The characteristic peak of Fe,P is marked with a dot-
ted line.
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Figure 5. PXRD patterns of the products from PATH-B (Scheme
1) as a function of time at 350 °C.

tocrystalline anisotropy. The ZFC measurement (Figure
3c) exhibits a peak around 179 K, corresponding to the
blocking temperature (Tg) for the ca. 8 X 70 nm Fe,P
nanorods, and consistent with the expected behavior
of a nanoscale ferromagnet. On the basis of these re-
sults, we believe it is possible that studies on nanoscale
Fe,P reporting Ty values?'" greater than T¢ and/or
where hysteresis loops'* are observed at temperatures
above Tc could be on samples contaminated by metal-
lic or oxidized iron species, or possibly FesP (Tc = 716 K).
These data emphasize the unreliability of PXRD for pu-
rity assessment in cases where ferromagnetic impurities
are likely.?* In the present case, the attraction of the ma-
terial to a stir bar at room temperature suggests the
presence of common Fe-based impurities and provides
an easy check for these secondary phases. This is par-
ticularly valuable for the phosphides because the pres-
ence of TOP as a capping ligand precludes using chemi-
cal analysis for evaluation of phase-pure samples; the
materials all appear to be phosphorus-rich.?

Effect of Temperature on the Final Product: Reaction Series IV
and V. Encouraged by our success in preparing phase-
pure Fe,P, we next set out to synthesize phase-pure
FeP. To be able to make the phosphorus-rich product

) VOL.3 = NO.8 = MUTHUSWAMY ET AL.

(FeP), we surmised that a larger quantity of reactive
phosphorus is needed and that this could be achieved
by increasing the temperature, enabling complete con-
version of Fe nanoparticles to FeP nanoparticles with-
out Fe,P impurities. A series of reactions, similar in con-
ditions to reaction series |, were carried out at 370 °C
(reaction series 1V) and 385 °C (reaction series V) and the
products analyzed by PXRD (Supporting Information).
The results were similar to those observed in reaction
series |, that is, longer heating times reduced, but failed
to completely eliminate Fe,P. However, increasing tem-
perature did significantly decrease the amount of Fe,P
(Figure 4), as assessed from the intensity of the (111) re-
flection of Fe,P (40.2° 26). This is consistent with our hy-
pothesis that more of the TOP is activated, yielding a
higher concentration of phosphorus available for con-
version and resulting in the formation of phosphorus-
rich product (FeP) in higher quantities. In attempts to
drive the reaction to completion, a second injection of
10.0 mL of TOP, carried out halfway through a 24 h re-
action at 370 °C, was attempted but also failed to com-
pletely eliminate Fe,P impurities (Supporting Informa-
tion).

Injection of Fe Nanoparticles into Preheated TOP: Reaction
Series V1. In all of the reactions previously discussed,
TOP at room temperature was injected into the Fe
nanoparticle system at 200 °C and the temperature
was ramped up to target. Although longer reaction
times yielded FeP as the dominant product, phase-
pure FeP remained elusive. We hypothesized that the
gradual availability of active phosphorus required for
conversion in the synthesis enables particle growth si-
multaneous with the transformation of intermediary
Fe,P to FeP. The larger the particles, the larger the ki-
netic barrier to diffusion and therefore transformation.
Alternatively (or concomitantly), a protective layer of
FeP may form on the outside of Fe,P, preventing com-
plete conversion.

In an attempt to circumvent these potential effects,
we decided to introduce the iron nanoparticles at the
reaction temperature, ensuring that the reaction was
conducted entirely under conditions thermodynami-
cally favorable for FeP formation. To achieve this, a
variation in the synthesis scheme was introduced
wherein Fe nanoparticles at 200 °C were cannulated
into preheated TOP (Scheme 1, PATH-B). A series of re-
actions were carried out by this cannulation method at
350 °C, and the isolated products were analyzed by
PXRD and evaluated as a function of heating time. The
PXRD patterns (Figure 5) clearly reveal the formation of
a phase-pure product (FeP) within 24 h (i.e., Fe,P was
not detected). The PXRD patterns of the 1 and 2 h
samples have a clear peak at 40.2° (26), characteristic
of Fe,P, and a slight rise in the background at 40° in the
patterns of the 3 and 12 h samples suggests residual
Fe,P may be present there, as well.
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Figure 6. Effect of heating time (350 °C) on the morphology of the product generated by PATH-B (Scheme 1).

Clear changes in particle morphology mirror the
changes in the PXRD patterns, as shown in Figure 6. At
very short times (1 h) after cannulation, conversion to
phosphides presumably takes place by a topotactic
mechanism, resulting in near spherical particles and
very short rods. Increased heating times result in rod
formation (2 h), and further heating (3 and 12 h) results

www.acsnano.org

in the shortening of the nanorods. In particular, the

3 h sample was found to consist of near spherical par-
ticles with an average size of 16.5 nm and rods whose
length and width ranged from 40—80 and 12—18 nm,
respectively. HRTEM reveals lattice fringes with spacing
of 2.326 A, corresponding to the (201) planes of FeP.
Prolonged heating (24 h) resulted in the disappearance
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Figure 7. ZFC/FC curves of Fe,P nanoparticles prepared by PATH-B (Scheme 1), measured at H = 100 Oe, for (a) 3 h sample
and (b) 12 h sample. Inverse susceptibility vs temperature plots for (c) 3 h sample and (d) 12 h sample, indicating the pres-
ence of a ferromagnetic component. The straight line in (c) and (d) indicates the extrapolation of the high temperature in-
verse susceptibility used to estimate the Weiss interaction temperature.

of the nanorods, and the system was completely made
up of near spherical particles. These all exhibited spheri-
cal hollows, indicative of the Kirkendall effect. Despite
prior reports of FeP nanorods in the literature,'®'2 un-
der the conditions employed here, the dominant mor-
phology is clearly spherical. On the basis of these data,
it appears that the transformation of spherical Fe nano-
particles to hollow spheres of FeP may occur via mul-
tiple pathways, including direct (topotactic) transforma-
tion as well as proceeding via Fe,P as an intermediary
phase that adopts an anisotropic morphology. As Fe,P
transforms to FeP, the Fe,P rods become shorter, ulti-
mately becoming spherical.

The presence of residual Fe,P in 3 and 12 h samples
is also suggested by magnetic susceptibility results (Fig-
ure 7). Both curves exhibit an increase in susceptibility
below 250 K and have estimated T values of 213 K (3
h) and 179 K (12 h). This ferromagnetic response is un-
expected because FeP itself is a metamagnet with no
net ferromagnetic moment and a Néel temperature (Ty)
of 115 K. In order to clarify the nature of the putative im-
purity phase, the magnetizations were measured as a
function of temperature at a higher field, 2 T. This ex-
ceeds the saturation field for Fe,P, which results in com-
plete saturation of any ferromagnetic moments arising
from this impurity phase. A plot of inverse susceptibility
against temperature (Figure 7¢,d) gives information

A‘“t\i/nl\\@) VOL.3 = NO.8 = MUTHUSWAMY ET AL.

about the nature of the interactions in the sample. The
positive Weiss constant fit for both samples at high
temperatures confirms the presence of ferromagnetic
interactions in the nanoparticles. On the basis of the
similarity of Figure 7a,b to Figure 3¢, we think it is likely
that the magnetic response is due to untransformed
Fe,P. Comparing the low temperature FC magnetiza-
tions in Figures 3c and a, we estimate that the possible
Fe,P impurity phase represents no more than 5% of the
total mass, which may explain why it is difficult to ob-
serve in routine PXRD. Moreover, the blocking temper-
ature of the 3 h sample (213 K) is higher than that of the
12 h sample (179 K), suggesting larger ferromagnetic
particles in the former case. If the mechanism of conver-
sion involves Fe — Fe,P — FeP, the effective particle
size of Fe,P should decrease during conversion, result-
ing in a lower blocking temperature for the 12 h sample,
as we have observed here.

Generation of Phase-Pure FeP Nanoparticles and Magnetic
Properties. To ensure phase-pure samples for magnetic
susceptibility analysis, the cannulation reaction
(PATH-B, Scheme 1) was conducted for 24 h at a higher
temperature, 370 °C. As shown in Figure 8, the PXRD
pattern reveals no discernible impurities, and the par-
ticles are uniformly spherical (14.9 = 1.2 nm) according
to TEM. Magnetic measurements conducted at 2 T (Fig-
ure 8¢) are consistent with a paramagnetic response

www.acsnano.org



Intensity (atb.units)

(2) PDF # 78-1443

25 30 35 40 45 50 55

60 65
20 (degrees)
2wl 2© paH= 2T 1(d H= 2T
6 030 \ 0 400000-( ) Ho
s 4
g 0.25 4 .\ ?
et . g 300000
5 0.20 4 \. &
\

g . &0
1S) ° Y 200000
g 0154 .b. 9
2 =
O 0.10-] 100000 - T
§° o Ty ~ 120 K
E 0.05 - T /

0 50 100 150 200 250 300 330 -300 -200 -100 0 100 200 300

Temperature(K)

Temperature (K)

Figure 8. (a) PXRD pattern of a phase-pure FeP nanoparticle sample prepared by optimizing the synthetic conditions in PATH-B com-
pared to the FeP reference pattern. (b) TEM image of the near spherical FeP nanoparticles; a high resolution image is included in Sup-
porting Information. (c) Magnetization vs temperature measurements of phase-pure FeP measured in a field of 2 T. (d) Correspond-

ing 1/x vs T plot.

from 350 to 125 K, with a larger rate of increase in the
magnetization at temperatures below 125 K. While
there is some curvature in the inverse susceptibility
plotted against temperature, a linear extrapolation of
the high temperature portion of the 1/x versus T data
(Figure 8d) yields a negative Weiss constant of —300 K,
suggesting the presence of antiferromagnetic interac-
tions. Although there is no clear magnetic anomaly in
these data to indicate the onset of antiferromagnetic
order in the FeP nanoparticles, we propose that the in-
crease in magnetization above the paramagnetic con-
tribution at low temperature may reflect an incomplete
cancellation of the antiferromagnetic spins in these
nanoparticles. Accordingly, Ty for the system was esti-
mated from the intersection of the two slopes extrapo-
lated to the temperature axis (Figure 8d). On the basis
of this analysis, the approximate value of Ty for the FeP
nanoparticles was 120 K, which is close to the reported
value for bulk FeP (115 K).2° The absence of ferromag-
netic contributions is consistent with earlier reports on
5 nm FeP nanoparticles® and FeP nanowires.'? It can
thus be concluded that the prior reports of ferromag-
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netism in FeP'®'3 may reflect the presence of second-
ary phases in these samples, such as Fe, iron oxides, or
FezP.

Intriguingly, the magnetic data suggest much stron-
ger interactions are present in the 15 nm hollow nano-
particles presented here than we previously observed in
5 nm spherical FeP nanoparticles.® For the 5 nm spheri-
cal FeP nanoparticles, the deviation from linearity in
the 1/x versus T plot was much weaker and occurs near
75 K, well below the reported bulk Ty. Additionally, the
Weiss constant is much smaller (—20 K). The difference
is likely a function of the particle size. The helimag-
netic structure of FeP has a repeat distance of nearly 3
nm,? and there may be a critical particle volume
needed to achieve long-range order.

CONCLUSIONS

The selection of phase (FeP or Fe,P) in the transfor-
mation of Fe nanoparticles to iron phosphides by high
temperature treatment with trioctylphosphine is a sen-
sitive function of heating time, temperature, reaction
concentration, and even order of reagent addition. In
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all cases, Fe,P is found to form at short reaction times
and adopt a rod morphology, occasionally with hollows
characteristic of the Kirkendall effect. Moreover, suffi-
ciently high concentrations of Fe enable production of
phase-pure Fe,P. At suitably long times and high tem-
peratures, Fe,P transforms to FeP and adopts a spheri-
cal morphology (again with hollows); however, driving
this reaction to completion is challenging, suggesting
some kind of kinetic barrier. We speculate that FeP for-
mation by conversion from Fe,P is often incomplete
due to decreased ion mobility from the core as the FeP
shell thickness increases. This is alleviated by rapid reac-
tion of iron and TOP at temperatures that thermody-
namically favor FeP, perhaps due to some degree of to-

METHODS

Chemiaals. [ron pentacarbonyl (99.999% metal basis purity)
was purchased from Sigma Aldrich and was stored in a refrigera-
tor maintained at —20 °C in a glovebox. Trioctylphosphine (97%)
was purchased from STREM Chemicals and was stored under ar-
gon in a glovebox. 1-Octadecene (90% tech.) was purchased
from Sigma Aldrich and oleylamine (C;3 content 80—90%) from
ACROS; chloroform (99%) and pyridine (99%) were purchased
from Fisher Scientific; ethanol (200 proof) was purchased from
Decon Laboratories Inc. All chemicals were used as received.

Synthesis. All reactions were carried out under an argon atmo-
sphere using standard Schlenk line techniques. The synthesis is
outlined in Scheme 1 and involves two steps: (i) synthesis of
monodisperse Fe nanoparticles by following a method pub-
lished by Sun and co-workers,' and (i) subsequent conversion
of Fe nanoparticles into phosphides by reacting them with TOP.
Fe nanoparticles are synthesized by injecting 0.2—1.0 mL of Fe-
(CO)s into a degassed system of 20.0 mL of octadecene (solvent)
and 0.3 mL of oleylamine (stabilizing ligand) at 200 °C. The sys-
tem is aged at 200 °C for 20 min. Conversion of Fe nanoparticles
is initiated by injecting TOP (2.5—26.5 mL) into the Fe nanopar-
ticles system at 200 °C followed by aging at temperatures of 350,
370, or 385 °C for periods ranging from 1 to 72 h (PATH-A). In
some cases, conversion was initiated by cannulating the Fe
nanoparticles at 200 °C into TOP maintained at temperatures
>300 °C (PATH-B). Isolation of the final products was carried out,
after returning the system to room temperature, by addition of
excess ethanol (20—50 mL), followed by centrifugation. The iso-
lated particles were then sonicated for about 5—10 min with
small quantities of chloroform (1—3 mL) to create a dispersion,
followed by addition of an antisolvent (ethanol) and centrifuga-
tion. This process was carried out 2—3 times followed by drying
under vacuum to yield a free-flowing powder of Fe,P
nanoparticles.

Characterization Techniques. Powder X-ray diffraction (PXRD)
was carried out on a Rigaku diffractometer (RU200B) using the
Ka line of a Cu rotating anode source (40 kV, 150 mA). Samples
were deposited onto a zero background quartz holder with a
thin layer of grease, and data were acquired in the 26 range of
25—65° with a step size of 0.02°. PXRD patterns were processed
using Jade 5.0 software and compared to powder diffraction files
(PDF’s) from the International Center for Diffraction Data (ICDD)
database.

Electron microscopy and energy dispersive spectroscopy
(EDS) were performed using a JEOL FasTEM 2010 electron micro-
scope operated at a voltage of 200 kV and a beam current of
107—108 A with a coupled EDS detector (EDAX Inc.). The im-
ages were captured using Amtv600 software provided by the
Advanced Microscopy Techniques Corporation. Samples for TEM
analysis were prepared by depositing a drop of a chloroform or
pyridine nanoparticle dispersion onto a carbon-coated 200 mesh
Cu grid, followed by air-drying.

0
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potactic transformation of Fe to FeP in addition to the
Fe,P to FeP transformation. It should be noted that the
transformations of Fe to Fe,P or Fe,P to FeP do not ap-
pear to be topotactic and are accompanied by a drastic
change in morphology (sphere to rod, rod back to
sphere). Importantly, when care is taken to prepare
phase-pure FeP and Fe,P, the magnetic properties ob-
served are in line with expectations arising from the be-
havior of bulk phases. On the basis of this study, prior
reports of unexpected magnetic behavior in FeP and
Fe,P nanoparticles'®!"1314 can potentially be attributed
to ferromagnetic impurities, which can be expected to
dominate the response, even when present in small
(not detectible by PXRD) quantities.

Magnetic susceptibility measurements were carried out us-
ing a SQUID magnetometer (MPMS-5S) with a sensitivity of
1077—107% emu from Quantum Design. Samples for magnetic
susceptibility were prepared by sealing the powder sample in a
quartz tube under vacuum. The temperature-dependent dc
magnetization measurements were measured using a zero-field-
cooled (ZFC) protocol from 20 to 350 K in a magnetic field of
100 Oe. The measurement is then repeated over the same tem-
perature range and magnetic field using a field-cooled (FC) pro-
tocol. FC measurements were also carried out on FeP samples
under an applied field of 2 T in the temperature range of 20 to
350 K. Arrott plots, a series of M? versus H/M lines, were gener-
ated from M versus H curves of Fe,P nanorods collected at sev-
eral temperatures (200—235 K) near the expected Curie
temperature.
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