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ABSTRACT: Iron phosphide (FeP) nanoparticles have excellent properties such as fast charge transfer
kinetics, high electrical conductivity, and high stability, making them a promising catalyst for hydrogen
evolution reaction (HER). A challenge to the wide use of iron phosphide nanomaterials for this application
is the available synthesis protocols that limit control over the resulting crystalline phase of the product. In
this study, we report a method for synthesizing FeP through a solution-based process. Here, we use iron
oxyhydroxide (β-FeOOH) as a cost-effective, environmentally friendly, and air-stable source of iron, along
with tri-n-octylphosphine (TOP) as the phosphorus source and solvent. FeP is formed in a nanobundle
morphology in the solution phase reaction at a temperature of 320 °C. The materials were characterized by
pXRD and transmission electron microscopy (TEM). The optimization parameters evaluated to produce
the phosphorus-rich FeP phase included the reaction rate, time, amount of TOP, and reaction
temperature. Mixtures of Fe2P and FeP phases were obtained at shorter reaction times and slow heating
rates (4.5 °C /min), while longer reaction times and faster heating rates (18.8 °C/min) favored the
formation of phosphorus-rich FeP. Overall, the reaction lever that consistently yielded FeP as the
predominant crystalline phase was a fast heat rate.
KEYWORDS: Iron oxyhydroxide, Iron phosphide, Nanobundles, Heating rate, Solution synthesis

■ INTRODUCTION
Nanoscale transition metal phosphides (TMPs) are an
important class of materials due to their wide scope of
interesting applications ranging from lithium−ion battery
anodes,1 absorbers in photovoltaics,2 supercapacitors,3 mag-
netic sensors,4 and catalysts in numerous processes that
include hydroprocessing, water−gas−shift reactions, and water
splitting.5−9 Iron phosphides alone have shown remarkable
activity as catalysts for water-splitting reactions.10−12 Com-
pounds of iron and phosphorus exhibit a range of compositions
that include FeP, Fe3P, Fe2P, FeP4, and FeP2, and their non-
stoichiometric variations, which allow for modulation of their
resultant properties by their respective electronic and physical
attributes.13,14 For example, CoP@FeP4 composites are
promising electrode systems for dye-sensitized solar cells.15

Another iron phosphide phase, FeP, exhibits superior electro-
catalytic activity towards overall water splitting.16−20 Addition-
ally, studies have shown that iron phosphide (FeP) is a good
choice for reversible electrodes in lithium−ion and sodium−
ion batteries and thermoelectric materials.21−25 As such,
several studies have focused on synthetic strategies to generate
iron phosphides with a precise chemical composition and
morphology.

Our work aims to synthesize phase pure FeP for its potential
use as an electrode material for lithium- and sodium-ion
batteries (LIBs and NaBs). Iron phosphide (FeP) nanoma-
terials exhibit physical properties, such as a high insertion/
extraction coefficient of Na/Li ions, good cyclic stability, and

rate capability, making them promising electrode materials for
lithium- and sodium-ion batteries. Synthetic approaches for
producing FeP nanomaterials include the high-temperature
annealing of organometallic and solid-state precursors,26−28

solvothermal reactions,29 the co-reaction of metal−organic
frameworks with phosphines,30,31 the decomposition of single
source precursors,32 microwave synthesis,33 high energy ball
milling,34 and metal-organic chemical vapor deposition.14

However, these methods lack significant control over
morphology and tend to result in agglomerated nano-
particles.35 A well-developed solution-based approach for
synthesizing FeP includes the reaction of iron salt precursors
with a mixture of tri-n-octylphosphine (TOP) and trioctyl-
phosphine oxide (TOPO) in the presence of aliphatic amines
at high temperatures. This strategy was reported by Brock and
co-workers for the synthesis of FeP by the reaction of
Fe(acac)3 with P(SiMe3)3 in TOPO at 280 °C.27 In this
method, high reaction temperatures are used to cleave the
strong P−C bond, resulting in the release and diffusion of
phosphorus within the metal particulates. Researchers have
used variations of this wet-chemical method to synthesize FeP
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nanoparticles using commercially available iron precursors
such as Fe(CO)5, Fe(acac)3, and Fe(N(SiMe3)2)3. However,
some of these iron compounds are fire hazardous and require
safety precautions. Some studies have used different phosphine
substituents as a source of phosphorus.36 For instance, Chen
and co-workers also conducted a study where they synthesized
FeP nanowires through the catalytic cleavage of the P−C bond
caused by reacting TOP with nanocrystalline Fe at high
temperatures.31,45 Similarly, Hyeon and co-workers reported
the synthesis of FeP and Fe2P nanorods via continuous
injection of Fe(CO)5 and TOP into hot surfactant/solvent
systems.7,28 Likewise, Henkes, Vasquez, and Schaak reported
the transformation of various transition metal nanoparticles to
their respective phosphide analogues.37−40 Specifically, FeP
nanoparticles were synthesized by reacting Fe(acac)3 with
TOP in hexadecyl amine at 360 °C.39 Despite promising
results, research on alternative and readily available iron
precursors remains limited.

In this work, we utilize iron oxyhydroxide (β-FeOOH) as a
cost-effective and convenient iron precursor for the wet-
chemical synthesis of FeP. Only two literature reports use β-
FeOOH as a precursor for the synthesis of FeP to the best of
our knowledge. Both studies use traditional high-temperature
solid-phase phosphidation.41,42 However, our study is the first
to document the solution synthesis of FeP nanoparticles using
β-FeOOH nanorods. The synthesis method involves reacting
β-FeOOH nanorods with TOP as an iron and phosphorus
source, respectively, at 320 °C. This process generates
phosphorus in situ by the catalytic cleavage of the P−C
bond of TOP at elevated temperatures, similar to the protocols
already discussed. Furthermore, we explore the impact of
various synthetic parameters, such as reaction time, temper-
ature, precursor concentration, and heating rate, on the
formation of phase pure FeP nanoparticles.

■ RESULTS AND DISCUSSION

Basic FeP Synthesis Procedure

A basic FeP synthesis procedure was developed based on
literature reports by Schaak and co-workers.38,43 A number of
parameters were evaluated to optimize the formation of phase
pure FeP particles. The evaluation process is described in the
following sections. In the basic procedure, nanobundles of FeP
were prepared through the reaction of presynthesized β-
FeOOH nanoneedles with TOP, which acted as the
phosphorus source, the stabilizing ligand, and the solvent at
elevated temperatures. This process is illustrated in Scheme 1.
The needle-shaped β-FeOOH nanostructures were synthesized
by the hydrolysis of 20 mmol FeCl3·6H2O in the presence of
poly(ethyleneimine) (PEI, MW = 750,000) as described
previously.44−46 The β-FeOOH powder was heated with 5.38
mmol of TOP at 320 °C under an argon atmosphere. The

basic FexP nanoparticle synthesis was performed using 0.66
mmol (0.059 g) of β-FeOOH powder and heated with 5.38
mmol of TOP at 320 °C under an argon atmosphere. See
Table S1 for the various reaction conditions.

It took 70 min to reach 320 °C from room temperature, and
the color of the reaction mixture changed from yellowish-
brown to black above 200 °C. The solution was aged at 320 °C
for 4.5 h and subsequently cooled to room temperature. The
black product was precipitated by adding an excess of ethanol
(5−10 mL). The black particles were isolated by centrifugation
and dried in a vacuum desiccator overnight. Figure 1a−c

displays the transmission electron microscopy (TEM) images
of the iron phosphide nanoparticles that were synthesized
using 5.38 mmol of TOP at 320 °C for 4.5 hours. The images
show a drastic change in the morphology of nanoparticles from
nanoneedles (l ∼ 90 nm, w ∼ 12 nm) to nanobundles. The
typical dimensions of individual rods/branches of a nano-
bundle ranged from 500 nm to 1 μm (Figure 1b). Figure 1c
shows a high-resolution TEM (HRTEM) image of the lattice
fringes of a nanobundle branch. A d-spacing of 0.29 nm
corresponds to the (020) plane of FeP. The pXRD pattern of

Scheme 1. Basic Synthetic to Generate FexP Nanobundles

Figure 1. (a, b) TEM images of FexP nanobundles synthesized using
the basic procedure. (c) HRTEM image of a nanobundle branch. The
lattice spacing (d020 = 0.29 nm) corresponds to the FeP phase. (d)
Representative pXRD pattern of the mixture of FexP phases that
results from the basic synthesis procedure. The tick marks represent
the reference pattern for FeP (JCPD 01-071-2262), and Fe2P is
indicated with stars (JCPD 01-051-0943).
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FexP nanobundles reveals the formation of two crystalline
phases that can be indexed to FeP with space group Pna21
(JCPD 01-071-2262) and Fe2P with space group P6̅2m (JCPD
01-051-0943). The intense peaks at ∼40° and 44° were
assigned to the (111) and (201) planes, respectively, of the
minor product, Fe2P.

In Figure 2a, the high-resolution Fe 2p core level spectrum
of FexP nanobundles from X-ray photoelectron spectroscopy

(XPS) displays four peaks. Two peaks at binding energies
(BEs) of 712.90 eV (Fe 2p3/2) and 726.68 eV (Fe 2p1/2) are
associated with Fe3+ from iron oxide and iron phosphate due to
sample oxidation from air exposure. The other two peaks at
BEs of 707.15 and 720.04 eV are ascribed to Fe3+ from
FeP.5,20,42,45,47 Furthermore, in Figure 2b, the P 2p core-level
XPS spectrum shows two peaks at BEs of 130.0 and 133.9 eV;
these peaks, respectively, correspond to the phosphorus anion
of iron phosphide and an oxidized iron-phosphate species like
PO4

3‑ or P2O5, resulting from surface oxidation.5,42,48,49

Our basic synthesis resulted in a nanobundle morphology
with a mixture of both FeP and Fe2P phases. A series of
reactions were performed to determine the optimal reaction
conditions to generate phase pure FeP nanobundles such as
varying the amount of phosphorus precursor (TOP), the
reaction time, and heating rate (°C/min), which are described
in subsequent sections.

Reaction Series I: Effect of Trioctylphosphine
We explored a series of reactions to determine how the amount
of TOP affected the phase purity of the resulting FeP
nanoparticles. TOP is simultaneously the phosphorus source,
solvent, and surfactant/stabilizer in this reaction.6,8,39,50 At
high temperatures (ranging from 290 to 370 °C), the
breakdown of the P−C bond in TOP generates less active
phosphorus species compared with the breakdown of the P−Si
bond in P(SiMe3)3, a compound used in other TMP synthesis
protocols. Generally, P(SiMe3)3 is used as a stoichiometric
reagent, whereas TOP is used in excess.27,51 This disparity may
be attributed to the bond energy required to break the P−C
bonds, which requires elevated temperatures, hinders efficient
phosphorus activation and reduces the availability of active
phosphorus to react with the iron precursor.12,39,50

In Reaction Series I, the amount of TOP was varied from
3.96 to 16.6 mmol with the intent of increasing the amount of
active phosphorus available to react with β-FeOOH to produce
phase pure FeP. All other parameters were kept constant: the
amount of β-FeOOH (0.66 mmol, 0.059 g), temperature (320
°C), heating rate (4.5 °C/min), and heating time (4.5 h). The
mole ratio of the Fe precursor to TOP varied from 1:6 to 1:25.
The number of moles of β-FeOOH was determined by
deducting the mass of the ligand (PEI) from the total mass.
The microstructure of FexP nanocrystalline products was
investigated by TEM. In general, the morphologies of the
nanoparticle samples in Reaction Series I were comparable and
varied from nanorods to nanobundles, with the major
distinguishing factor being the texture and crystallinity. For
the sample containing 3.96 mmol of TOP, the morphology
consisted of individual rods with lengths ranging between 700
nm and 2 μm (Figure 3a). The inset in Figure 3b shows a

HRTEM image with well-resolved lattice fringes with
interplanar spacing d200 = 0.26 nm of FeP (JCPD 01-071-
2262, space group Pna21). Furthermore, Figure 3b−f illustrates
that the level of roughness/texture of the nanobundles
increased with the amount of TOP.

Figure 4 shows pXRD patterns for Reaction Series I. Larger
β-FeOOH:TOP millimole ratios typically result in a mixture of
the two phases: FeP and Fe2P. The crystallinity of the Fe2P
phase improved with a 1:15 mmol ratio of β-FeOOH:TOP, as

Figure 2. XPS core level spectra of FexP nanobundle samples
generated using the basic synthesis procedure: (a) Fe 2p region and
(b) P 2p region.

Figure 3. Reaction Series I. TEM images of FexP nanoparticles
synthesized with varying amounts of TOP: (a) 3.96, (b) 4.64, (c)
5.96, (d) 6.72, (e) 9.96, and (f) 16.6 mmol. HRTEM images of lattice
fringes of FeP particles with d200 = 0.26 nm (inset in (b)).
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indicated by the presence of additional reflections and the
sharp diffraction peak at 40° that corresponds to the (111)
planes of Fe2P. In order to shift the reaction towards the
production of the Fe2P phase, the β-FeOOH:TOP ratio was
increased to 1:25 mmol. The sample had fewer reflections and
was less crystalline, but intense peaks were attributed to the
Fe2P phase. Moreover, pXRD results were consistent with
TEM image analysis, revealing that the surface of bundles was
rough, the particles were porous, and the grain sizes were
smaller when compared to samples with lower amounts of
TOP (Figure 3a−f). Nonetheless, the persistence of the two
phases across Reaction Series I indicated that this strategy was
inconsistent with the goal of obtaining phase pure FeP. While
the Fe2P phase appears to be favored at higher concentrations
of TOP, we did not investigate the optimization of this phase
further. Sun et al. also observed Fe2P as the major product with
greater amounts of the phosphorus source. This is because
Fe2P is favored at lower temperatures and at a lower atomic
percent of phosphorus, which is consistent with the Fe−P
binary phase diagram.
Reaction Series II: Effect of Reaction Time
Next, we explored the role of the reaction time on the phase
purity of FeP nanoparticles. We presumed that the longer
reaction time would lead to a higher availability of active
phosphorus to react β-FeOOH. We varied the reaction time
from 1 to 12 h and kept the amount of β-FeOOH (0.66 mmol,
0.059 g), temperature (320 °C), amount of TOP (3.96 mmol),
and heating rate (4.5 °C/min) constant. TEM images of the
resultant products are presented in Figure 5. After reacting for
one hour, neither the nanoneedle morphology nor the size of
the β-FeOOH precursor was maintained (Figure 5a). The
dimensions of the β-FeOOH were l = 90 ± 15 nm and w = 12
± 4 nm prior to reacting with TOP. In Figure 5a, the black
arrow indicates the presence of porous nanorods (lighter
contrast region). It is possible that these structures were
formed due to the exoteric diffusion of iron ions from the
surface.41,52,53 The products synthesized at longer times (4 h
and 6 h) formed longer rods and bundles as shown in Figure
5b and c. After 12 h, the nanobundles began to separate into
individual rods, possibly breaking down from the center, as
shown in Figure 5d. Additionally, the rough/undulated surface

of nanostructures was observed at longer reaction times, as
evidenced by TEM (inset of Figure 5d).

Figure 5e shows the pXRD patterns of the samples from
Reaction Series II. At 1 h, the reaction mixture changed from
brownish-yellow to black. The pXRD peaks for the 1 h sample
corresponded to β-FeOOH (JCPD 00-34-1266) with a slight
shift from the standard pattern. This may be due to the
diffusion of reactive phosphorus species into the β-FeOOH
crystal lattice. Characteristic diffraction peaks at 2θ = 32.7°,
34.5°, 35.4°, 37.1°, 46.3°, 47.0°, 48.3°, 50.4°, 56.1°, and 59.6°
corresponding to (011), (200), (120), (111), (121), (220),
(211), (130), (221), and (002) of FeP (JCPD -1-071-2262)
and (111) at 40.3° of Fe2P (JCPD 00-051-0943) appeared
after 4 h of heating. This confirms the complete phase
transformation of β-FeOOH to mixed phases of iron
phosphide (FeP and Fe2P). Heating the FexP nanobundles
for 6 h did not increase the purity of the phase. Moreover,
when heated for 12 h, the material lost its crystalline structure.

Figure 4. Reaction Series I. PXRD patterns of the FexP samples as a
function of the β-FeOOH:TOP mmol ratio. The reactions were
performed at 320 °C for 4.5 h. The reference pXRD pattern of FeP is
represented by black tick marks, and that of Fe2P with stars.

Figure 5. Reaction Series II. TEM images of nanoparticle products
synthesized as a function of reaction time: (a) 1, (b) 4, (c) 6, and (d)
12 h. The black arrow in panel (a) emphasizes lighter contrast regions
due to porous particles. (e) PXRD patterns for time series
experiments (a)−(d). Black tick marks and red squares indicate the
reference pXRD patterns for FeP and β-FeOOH, respectively. The
reflections attributed to Fe2P are highlighted with stars.
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Reaction Series III, IV, and V: Effect of Injecting Preheated
TOP, Temperature, and Amount of β-FeOOH
In Reaction Series III, IV, and IV, we explored the impact of
injecting preheated TOP, increasing the reaction temperature,
and adjusting the amount of β-FeOOH to obtain pure FeP
nanoparticles. The data for these experiments is shown in
Figure 6. In all of the strategies discussed earlier, TOP was

added to β-FeOOH at room temperature. In Reaction Series
III, we hypothesized that the addition of preheated TOP could
release more reactive phosphorus species that could drive the
complete transformation of the precursors to phase pure FeP.
In order to test this presumption, we decided to inject the hot
(100 °C) TOP solution into the reaction mixture of β-FeOOH
with TOP stirring at 320 °C. After hot injection, the reaction
mixture was aged at 320 °C for 4.5 h. The image of the final
product obtained from TEM showed that elongated and
irregular nanostructures were formed, as seen in Figure 6a. In
Reaction Series IV, we evaluated whether a higher temperature
could promote the formation of single-phase FeP since
increasing the temperature can speed up the diffusion rate of
phosphorus, as previously reported in the literature.52,54 The
experiment was conducted using the same conditions with 0.66
mmol of β-FeOOH and 3.96 mmol of TOP, but with a
temperature change to 350 °C. The TEM image in Figure 6b
illustrates the development of fernlike fractal structures in
conjunction with some individual nanorods. Unlike other
literature reports, a larger amount of TOP and a higher
temperature did not favor the formation of the phosphorus-
rich FeP.8 In Reaction Series IV, we increased the amount of β-
FeOOH from 0.66 mmol (0.059 g) to 1.0 mmol (0.089 g)
while keeping all of the other reaction parameters constant.
Figure 6c shows a TEM image of this sample, indicating the
formation of dendritic, rod-like (l = 300 − 600 nm)

nanostructures. Despite the differences in the shape of the
resultant particles in Reaction Series III and IV, pXRD patterns
shown in Figure 6d confirmed that the products consist of a
mixture of both FeP and Fe2P phases. The intensity of some of
the reflections of the Fe2P phase is affected likely as a result of
the morphologies of the particles. Taken together, the results
indicate that phase control of FeP was not achieved under the
conditions evaluated in this series of reactions that included
the hot injection of TOP, increasing the temperature, and
adjusting the amount of β-FeOOH.
Reaction Series VI: Effect of the Heating Rate (°C/min)
In Reaction Series VI, the heating rate was increased to 18.8
°C/min to reach the target temperature of 320 °C and
maintained for a variable period. We were inspired by Sun
group who reported that heating rate played a role in
generating phase pure iron phosphide materials.5 All other
parameters were maintained at 0.66 mmol of β-FeOOH and
3.96 mmol of TOP, as shown in Table S2. Figure 7 shows the

changes in the morphology of the particles throughout the
reaction. Porous particles are observed within 1−2 h of
reaction time (Figure 7a−f). The sizes of porous structures
range from 50 to 70 nm after 1 h of heating. This is a
significant change in the original morphology and size ranges
of the β-FeOOH nanoneedles. These hollow-porous structures
may be due to the inward diffusion of phosphorus and the
outward diffusion of iron, analogous to the Kirkendall
effect.41,52 However, the dehydration of the β-FeOOH
nanoneedles under high temperatures could also lead to the
formation of pores.41,46 On heating for 4.5 h, the rod-shaped
particles arranged into nanobundles (Figure 7g and h).
Individual rods making up the bundle were ∼800−1400 nm
in length and ∼18 nm in width. A HRTEM image of the
particles at a reaction time of 4.5 h reveals lattice fringes with a
d-spacing of 0.29 nm, corresponding to the (020) plane of the

Figure 6. TEM images of FexP particles under different reaction
conditions: (a) hot injection of TOP, (b) heating at 350 °C, and (c)
increased amount of iron β-FeOOH. (d) PXRD patterns of samples
synthesized by (i) hot injection of TOP, (ii) heating at 350 °C, and
(iii) an increased amount of iron β-FeOOH. PXRD patterns for FeP
(black tick marks) and Fe2P (stars) are shown for reference.

Figure 7. TEM images of FexP nanoparticles with respect to reaction
time (a−c) 1 h, (d−f) 2 h, and (g−i) 4.5 h at a heat rate of 18.8 °C/
min. The lattice spacing (d020 = 0.29 nm) corresponds to the FeP
phase, which is present in small amounts in the 1 and 2 h samples.
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FeP phase (Figure 7i). Figure 8a displays pXRD patterns,
which indicate that the products produced at shorter reaction

times (1 and 2 h) comprise mostly of β-FeOOH, small
amounts of FeP, and some Fe2P, as evidenced by the peak at
40.3°. However, a longer heating time (4.5 h) results in the
formation of phase pure FeP. No other phases of iron
phosphide, including Fe2P, were detected in the pattern.
Energy dispersive X-ray spectroscopy shows an elemental
composition of approximately 1:1 atom % Fe:P (Figure S1).

FeP nanobundles were further characterized by FTIR and
XPS. Figure 8b shows the FTIR spectra with distinct
absorption bands consistent with TOP at ∼ 2800−3000 and
1100−1200 cm‑1 corresponding to −C−H stretching and
−C−P stretching, respectively.55 All the samples evaluated in
the time series (1, 2, and 4.5 h) showed the same signature
peaks for TOP (Table S2). This observation suggests TOP
coordinates with the surface of the particles and serves as a
capping agent. This also suggests that there is only partial
breaking of the P−C bond of TOP at all time points. This
could be caused by the relatively high energy needed to break
the P−C bonds.6,31 Quick heating rates could help activate the
P−C bond of TOP and generate more reactive phosphorus
species to react with β-FeOOH to form FeP.31,50 Figure 8c and
d represents the high-resolution XPS core level spectra of the
Fe 2p and P 2p regions, respectively, of the phase pure FeP
nanoparticles synthesized at 4.5 h. The peaks assigned to Fe
2p3/2 and Fe 2p1/2 centered at 707.5 and 720.4 eV, respectively,
are in good agreement with the BE values for phase pure FeP
reported in the literature.18,30 The high-resolution P 2p
spectrum exhibited peaks at 129.5 eV corresponding to the
P3‑ anion (2p3/2) and another one at 133.8 eV, attributed to an
oxidized phosphorus species.18,42,48 The peak at a BE of 129.5
eV (P 2p3/2) is characteristic of the FeP phase. These results

are consistent with and support previous reports in the
literature.18,42

■ CONCLUSION
We report a wet chemical approach to synthesize phase pure
iron phosphide FeP nanobundles using β-FeOOH as an iron
precursor and TOP as a phosphorus source under mild
conditions. Several reaction parameters such as reaction time,
temperature, precursor concentration, and heating rate were
varied to understand their effect on the morphology and phase
of the resulting product. The investigation confirms that the
conversion of β-FeOOH into FeP is dependent on the heating
rate (18.8 °C/min) when TOP is the phosphorous source. At a
slower heat rate (4.5 °C/min), transformation to FeP is
incomplete, suggesting the presence of a kinetic barrier (likely
the formation of Fe2P). The formation of FeP may occur
through in situ transformation of the Fe2P phase where a fast
heating rate likely shifts the equilibrium in favor of FeP. The
observed partial completion of the reaction could be caused by
the lower availability of active phosphorus, which is a
consequence of the incomplete breaking of the phosphorus-
carbon (P−C) bond within tri-n-octylphosphine (TOP), as
well as the sluggish mobility of the active phosphorus species.
The faster heating rate (18.8 °C/min) alleviates the mobility
and the concentration issues of an active phosphorous species
which facilitates reaction with the β-FeOOH nanoneedles.

■ METHODS

Materials
Ferric chloride hexahydrate (FeCl3·6H2O, 98% ACS grade), a 50%
(w/v) poly(ethyleneimine) solution (PEI, MW 750,000), and tri-n-
octylphosphine (TOP, P(C8H17)3, ≥90% technical grade) were
purchased from Sigma-Aldrich (St. Louis, MO). Anhydrous ethyl
alcohol 200 proof (absolute, ACS/USP grade) and hexane (ACS/
USP grade) were purchased from Pharmco (Brookfield, CT).
Transmission electron microscopy (TEM) Cu grids (carbon-coated,
200 mesh) were purchased from Electron Microscopy Sciences
(Hatfield, PA).
Preparation of Iron Oxyhydroxide (β-FeOOH)
Nanoneedles
Iron oxyhydroxide nanoneedles were prepared using a simple
hydrolysis method reported in the literature with some minor
modifications.42−44 Typically, 5.4 g (20.0 mmol) of solid FeCl3·6H2O
was dissolved in 100 mL of DI water (18.2 Ω/cm) at room
temperature in a 500 mL three-necked round-bottomed flask fitted
with a condenser. Next, 621 μL of a 47.5% v/v PEI solution was
added in a dropwise manner to the reaction mixture with stirring (400
rpm). The reaction was maintained at 80 °C in an oil bath for 2 h.
Finally, the brownish-yellow precipitate was collected by high-speed
centrifugation at 8000 rpm for 15 min, washed several times with
ethanol, and dried in a vacuum desiccator (Nalgene) overnight. The
dimensions of the β-FeOOH nanoneedles were approximately l = 90
± 15 nm and w = 12 ± 4 nm as measured from TEM images using
Image J (version: 1.54d) software.

Preparation of FeP Nanobundles
The reaction was carried out under an inert atmosphere (Ar). Argon
gas was purged for 30 min to remove oxygen from the round bottom
flask. Typically, the synthesis involves two steps: (i) synthesis of β-
FeOOH nanoneedles and (ii) successive conversion of β-FeOOH
nanoneedles to FeP by treatment with TOP. A reaction mixture of
0.059 g of β-FeOOH with 3.96 mmol of TOP was heated at a rate of
18.8 °C/min to reach 320 °C within 17 min from room temperature.
The temperature was allowed to quickly climb to 340 °C where the
reaction mixture was aged for 10 min. Afterward, the reaction mixture

Figure 8. Reaction Series VI. Characterization of FexP nanoparticle
samples from synthetic experiments with a fast heating rate (18.8 °C/
min): (a) pXRD patterns and (b) FTIR spectra of the samples as a
function of reaction time. High-resolution XPS core level spectra of
the Fe 2p (c) and P 2p (d) regions of the phase pure FeP
nanoparticles synthesized at a heating rate of 18.8 °C/min for 4.5 h.
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was cooled to 320 °C and maintained at this temperature for 4.5 h
under an argon atmosphere with continuous stirring (600 rpm). After
cooling the system to room temperature, the final product was
isolated by adding excess ethanol (10−20 mL) and centrifuging at
8,000 rpm for 2 min in an Eppendorf tube to isolate the solid
particles. The black solid was washed several times with hexanes, until
the supernatant was clear. The FeP particles were dried in a vacuum
desiccator (Nalgene) overnight. See Table S1 for variations on the
synthesis protocol.
Characterization Techniques
The morphology and size of the resulting nanoparticles were
determined with a JEOL JEM 2100 transmission electron microscope
(TEM) at an accelerating voltage of 200 kV and a beam current of
102 μA. Powder X-ray diffraction (pXRD) patterns of the resulting
product were acquired by a Rigaku Smart Lab X-ray Diffractometer
with a Cu Kα radiation source (λ = 1.54 Å). The 2θ scan range was
varied from 5° to 90° at a scan rate of 5°/min. X-ray photoelectron
spectroscopy (XPS) was conducted with a base pressure of less than
10‑10 Torr at ambient temperature. The spectra were obtained by
using the Al Kα emission line from a dual-anode X-ray source
(PREVAC XR 40B) operated at 405 W with an incident angle of
54.7° and normal emission. The kinetic energy of the photoelectrons
was collected and analyzed with an EA 125-hemispherical electron
energy analyzer with a resolution of 0.025 eV. FTIR instrument
spectra were recorded on a Thermo Scientific Nicolet instrument.
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