Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 2025. Downloaded on 2025/11/4 4:33:56.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 6593

Received 22nd November 2024,
Accepted 7th February 2025

DOI: 10.1039/d4nr04907a

Alternate InP synthesis with aminophosphines:
solution—liquid—solid nanowire growth+

Helen C. Larson, {22 Zhixing Lin,® Francois Baneyx 2 ® and Brandi M. Cossairt () *?

Indium phosphide nanowires are important components in high-speed electronics and optoelectronics,
including photodetectors and photovoltaics. However, most syntheses either use high-temperature and
costly vapor-phase methodology or highly toxic and pyrophoric tris(trimethylsilyl)phosphine. To expand
on the success of the aminophosphine-based InP colloidal quantum dot synthesis, we developed a syn-
thesis for thin (~11 nm) zinc blende InP nanowires at 180 °C using indium tris(trifluoroacetate) and tris(di-
ethylamino)phosphine. A flat nanoribbon morphology was identified by transmission electron and atomic
force microscopy analysis, with the stoichiometric (110) lattice plane exposed. Nanowire growth pro-
ceeded through a solution-liquid—solid mechanism from in situ-formed indium metal nanoparticles.
Molecular byproducts of tris(oleylamino)phosphine oxide and N-oleyltrifluoroacetamide observed by 5P
and °F NMR spectroscopy inform a proposed mechanism of indium reduction by the aminophosphine.
Morphological control over the nanowire product was achieved by varying the phosphorus injection to
control the aspect ratio, the In: P ratio to toggle between nanowires and multipods, and the pre-hot
injection evacuation step to favor a quantum dot product. Replacing the indium precursor with indium tris
(trifluoromethanesulfonate) was found to make bulk zinc blende InP nanowires with an average diameter
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Introduction

Indium phosphide is a high-performing semiconductor found
in many current and emerging technologies. The relatively
large, direct bandgap of 1.34 eV and high carrier mobilities, in
particular, elevate InP above other semiconductors for use in
high-speed electronics, such as heterojunction bipolar transis-
tors and high-electron-mobility transistors, and opto-
electronics, such as single-photon detectors and extraterres-
trial photovoltaics." Beyond the bulk, InP nanowires are
unique building blocks for electronic and optoelectronic
devices due to additional properties like confined carrier trans-
port in one dimension and a tunable band gap."®’ For
example, InP nanowires have a large polarization sensitivity
helpful for photodetection and are amenable to hybrid fabrica-
tion, which enable complex device architectures such as ava-
lanche photodetectors and dot-in-wire telecom emission
devices."®° Additionally, InP nanowires can be doped and
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of >250 nm and tens of microns in length.

assembled to build precise electronic or optoelectronic
devices, as demonstrated by an electroluminescent p-n junc-
tion made of crossed InP nanowires from Lieber and
coworkers."°

Colloidal synthesis is a potential path to scalable InP nano-
wire growth. Solution-phase growth is more cost-effective, uses
less substrate, and operates at lower temperatures than vapor-
phase nanowire manufacturing techniques.>'’ Solution-
liquid-solid (SLS) growth is a nanowire growth mechanism
that achieves anisotropy by confining nucleation and growth
within a colloidally dispersed liquid metal nanodroplet.'*"?
The precursors diffuse from solution into the metal droplet,
nucleate, and grow in one dimension constrained by the
droplet interface. Buhro and coworkers discovered the SLS
mechanism in 1995 as a solution phase analog of vapor-
liquid-solid nanowire growth, which gave rise to a broad inves-
tigation of SLS nanowire growth of many compositions.'>"*
There were rapid developments in SLS-grown InP nanowires
throughout the 2000s, including improvements in diameter by
controlling the metal nanoparticle size,">*® length control by
tuning precursor to metal nanoparticle ratios,””'**° optical
properties,> and self-seeded SLS.*>** However, the majority of
SLS InP nanowire syntheses use pyrophoric, highly-toxic tris
(trimethylsilyl)phosphine, with a limited number of syntheses
using other phosphorus precursors such as trioctylpho-
sphine® or solid hydrogen phosphide.>® There remains a need
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to investigate alternate phosphorus precursors to access InP
nanowire synthesis that avoids tris(trimethylsilyl)phosphine.’

Direct colloidal nucleation of anisotropic InP remains
elusive.”®*” Typical colloidal synthesis uses tris(trimethylsilyl)
phosphine and an indium carboxylate, and proceeds through
a kinetically stable magic-sized cluster intermediate to achieve
high-quality InP quantum dots (QDs).***®*° The resulting
nanocrystals are quasi-spherical, with an indium-rich surface
passivated by carboxylate ligands. Shapes other than spheres
and tetrahedra have not been achieved.>® Diimbgen and co-
workers proposed that this is due to the inability of anionic
ligands to adequately charge balance surface indium on facets
such as (100), which is required for elongated nanocrystals.””
The alternate InP chemistry based on aminophosphines, a
non-pyrophoric, less hazardous phosphorus precursor, pro-
duces halide- and amine-capped tetrahedral QDs.*°* The
aminophosphine-based synthesis has proved to be a versatile
system for tuning reaction kinetics as it follows temperature-
dependent continuous or burst nucleation and avoids the
kinetic trap of the magic-sized cluster.***® As in InP QD syn-
thesis, aminophosphine is a great candidate for expanding the
SLS phosphorus precursor chemistry. To our knowledge, the
only example of InP nanowire synthesis through the SLS
growth mechanism using aminophosphine is an electrically
controlled nanowire synthesis using InI; and aminopho-
sphine, where the metal catalyst particles were anchored to a
solid electrode support.’” Another lower-toxicity phosphorus
precursor, trioctylphosphine, has been used to make InP nano-
wires through SLS, where trimethylindium decomposes into
indium metal,  which trioctylphosphine
decomposition.**

In this study, we report the colloidal synthesis of approxi-
mately 11 nm diameter InP nanowires from tris(diethylJamino-
phosphine and indium tris(trifluoroacetate) in oleylamine.
The nanowires were characterized by transmission electron
microscopy (TEM) and atomic force microscopy (AFM), reveal-
ing a flat, nanoribbon morphology. Microscopy analysis and
powder X-ray diffraction (PXRD) identified indium metal on
the nanowire tip, pointing toward an SLS growth mechanism.
The mechanism of indium metal formation was investigated
with nuclear magnetic resonance (NMR) spectroscopy and was
found to depend on the interaction of aminophosphine and
the indium precursor. We observed variations in the mor-
phology of the aminophosphine-based nanowires dependent
on the reaction conditions, including length control, multipod
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formation, and QD formation. Microns-long bulk InP nano-
wires were formed using an alternate indium precursor,
indium tris(trifluoromethanesulfonate). We present this ami-
nophosphine-based SLS InP nanowire synthesis as a versatile
method to access colloidal anisotropic InP that does not rely
on the use of tris(trimethylsilyl)phosphine.

Results and discussion
Synthesis of InP nanowires

InP nanowires were prepared from indium tris(trifluoroacetate)
(In(TFA);) and tris(diethylamino)phosphine (P(NEt,);). The
nanowire synthesis conditions were adapted from aminopho-
sphine-based InP QD synthesis by choosing a weakly binding
indium-carboxylate pair.>" In(TFA); was made using a modi-
fied literature procedure by refluxing indium metal and neat
trifluoroacetic acid.>® A '°F NMR spectrum containing a single
peak at —75.8 ppm in toluene-dg was obtained, and a mass
spectrum was collected in methanol showing monomeric and
dimeric indium-trifluoroacetate species (Fig. S1f). To syn-
thesize InP nanowires, In(TFA); in oleylamine was heated
under vacuum at 120 °C for one hour, followed by hot injec-
tion of aminophosphine at the reaction temperature of 180 °C
(Scheme 1). TEM analysis revealed the main reaction product
to be InP nanowires, approximately 11 nm in diameter, with
an average size dispersion of 50% across several replicate
syntheses, with a length of hundreds of nanometers to
microns (Fig. 1a).

Looking closer at some of the larger diameter nanowires
with TEM, there is a stripe pattern reminiscent of the thin
layer buckling of nanobelts reported in the literature
(Fig. 1b).*° The fast Fourier transform of the lattice showed a
single crystalline lattice, ruling out the possibility that the
stripe pattern is from stacking faults (Fig. S2}). AFM was
employed to measure the height of these larger diameter
(~100 nm) structures and found the height to be around
10-30 nm, with an average width-to-height ratio of 4 (Fig. le
and Fig. S31). Therefore, we can more accurately describe
these nanowires as nanoribbons, a subclass of nanowires that
are flat. This is interesting because anisotropy is unusual for
InP nanocrystals, as discussed in the introduction. In the SLS
literature for other crystal compositions, a nanoribbon mor-
phology has been described and arises from favorable stabiliz-
ation of flat facets during nanowire growth by surfactants.*®*!

InP nanowire synthesis from indium tris(trifluoroacetate) and tris(diethylamino)phosphine in oleylamine, proceeding through the solu-

This journal is © The Royal Society of Chemistry 2025
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(a) TEM image of InP nanowires with indium particles observed on some nanowire ends. (b) TEM image of a nanoribbon buckling pattern in a

continuous InP zinc blende lattice, with the (111) (dark blue) and (220) (pink) lattice planes marked. Views of the InP zinc blende lattice (c) matching
the crystallographic orientation of (b), and (d) showing the stoichiometric (110) lattice plane in light blue. (€) AFM image of an InP nanoribbon with
the inset showing height (nm) profile along the red line. (f) STEM EDS map showing indium located at the particle tip with both indium and phos-
phorus located along the nanowire. (g) PXRD pattern of the purified reaction product revealing a zinc blende InP crystallite size of 16.4 + 1.4 nm,
and large tetragonal indium metal. (h) High-resolution TEM image of InP nanowire/In metal interface (white lines show 111 lattice planes, d =

0.34 nm).

With this in mind, the top facet of the nanoribbons is (110),
identified as it is perpendicular to two facets observed in the
TEM image, (111) and (220) (Fig. 1b-d). The (110) facet is stoi-
chiometric, unlike the cation-rich basal facets observed in
cadmium chalcogenide nanoplatelets.*>™*> This makes sense
as the cadmium chalcogenide nanoplatelets are synthesized
with strongly coordinating acetate and fatty acids, whereas the
InP nanoribbons are prepared in a bath of oleylamine with tri-
fluoroacetate as the only potential X-type ligand. Since trifluor-
oacetate is a weak Lewis base, observing a stoichiometric basal
plane with only L-type ligand passivation is well rationalized.
Previously reported SLS-grown InP nanowire syntheses do not
discuss a nanoribbon structure, although similar buckling can
be noted occasionally in the published TEM images.”**7>*37 A
(110) facet is also observed on the surface of InP nanoneedles
made with trioctylphosphine as the phosphorus precursor.>*
Spherical nanoparticles of high contrast were observed on
the tips of some of the nanowires by TEM. Scanning TEM
energy dispersive X-ray spectroscopy (STEM-EDS) revealed that
these nanoparticle tips are primarily indium, while both
indium and phosphorus are found localized on the nanowire
(Fig. 1f). This agrees with the PXRD pattern of the nanowires,
which showed both zinc blende InP with an average crystallite
size of 16.6 + 1.4 nm and tetragonal indium metal present in
the isolated reaction product (Fig. 1g). Zooming in on the
interface between the indium nanoparticle and the InP nano-

This journal is © The Royal Society of Chemistry 2025

wire, high-resolution TEM imaging revealed the zinc blende
InP lattice emerging from the indium metal, with lattice
fringes showing that growth occurs along [111] (Fig. 1h). The
presence of indium metal nanoparticles at the tip of nanowires
points toward the SLS mechanism for nanowire growth, where
the indium nanoparticles are presumably formed in situ and
then act as catalyzing ‘nanoreactors’ to propel the growth of
the nanowires. Pre-made indium metal nanoparticles can also
be used to grow InP nanowires from the aminophosphine pre-
cursor, either in addition to or instead of the indium precursor
(Fig. S47).

UV-visible absorbance spectra collected over the course of
the reaction initially show only a slight absorbance intensity in
the high energy region, then an increase in scattering is
observed around 10-15 minutes (Fig. S5at). This is attributed
to initial precursor species and oleylamine, then the growth of
long, less colloidally stable nanowires. The production of
indium metal nanoparticles is hypothesized to occur before
the growth of the InP nanowires, as expected following the SLS
mechanism.'” Although InP nanowires with diameters around
11 nm should experience quantum confinement to absorb
around 866 nm,'® clear absorbance peaks are not observed
likely due to high polydispersity and scattering, and there is
no observable photoluminescence (Fig. S5bt). The peak
around 400 nm is attributed to a plasmon resonance of the
indium nanoparticles formed in the reaction.*®

Nanoscale, 2025, 17, 6593-6603 | 6595
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It is interesting to note the continued necessity of the eva-
cuation step at 120 °C to synthesize nanowires. This step was
previously included in aminophosphine-based InP QD syn-
thesis to remove water from the hydrophilic indium halide
salts. To investigate this, two control syntheses without evacua-
tion were performed. The first control held at 120 °C under
nitrogen for one hour, and the second control skipped the
120 °C step and heated straight to the reaction temperature
under nitrogen. The UV-vis absorbance spectra of both control
syntheses showed a drastic decrease in absorbance and scatter-
ing, consistent with a very low concentration of semiconductor
in solution, and the TEM images revealed sparse, low-quality
indium-InP particles with a tadpole-like morphology (Fig. S67).
The evacuation step appears to have a significant impact on
the nanowire yield. Diffusion-ordered '°F NMR spectroscopy of
the reaction precursor mixture with and without the evacua-
tion step shows a minor difference in the In(TFA); diffusion
coefficients consistent with an increase in the solubilization of
the precursor (Fig. S7t). Therefore, the evacuation step likely
contributes to nanowire formation by increasing the concen-
tration of In(TFA); in solution available to form indium metal
nanoparticles.

The concentration of precursors was also investigated as a
synthetic parameter. A lower overall reaction concentration was
initially hypothesized to improve nanowire diameter dispersity
as it could limit the coalescence of the indium nanoparticles
after formation and decrease the resulting polydispersity. A
nanowire synthesis with 0.03 M In(TFA); (opposed to 0.06 M
for standard conditions) does produce nanowires; however,
the average nanowire diameter increases to 37 nm, and the
sample maintains a high dispersity of 115% (Fig. S87).
Therefore, a higher indium precursor concentration is useful
to access more monodisperse nanowires, potentially due to
accelerated nanowire nucleation kinetics outcompeting
coalescence of the indium nanoparticles.

Mechanism of indium reduction

The SLS mechanism of colloidal nanowire growth is well-
studied in the literature,"” and the key to accessing SLS growth
is the presence of catalytic metal nanoparticles. Therefore, we
investigated the production of indium metal in our synthesis
by assessing potential reducing agents for In(TFA);
(Scheme 2). The most obvious candidate for the indium redu-
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Scheme 2 Options for the reduction of indium (R = CygH3s, R' = C47H33).
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cing agent was the solvent oleylamine, known to act as a redu-
cing agent in some nanocrystal syntheses.*”” > To test if oleyla-
mine reduces In(TFA); to indium metal, a control reaction was
run identical to the nanowire reaction described in Scheme 1
except without the aminophosphine injection. The product
was nanocrystalline indium oxide by PXRD, and TEM showed
a lack of the large, tens to hundreds of nanometers in dia-
meter indium nanoparticles observed in the nanowire reaction
(Fig. S91). Under these reaction conditions, oleylamine does
not reduce indium to the extent seen when aminophosphine
is present. This control reaction mimicked the nanowire reac-
tion conditions until the hot injection of the aminophosphine,
suggesting that P(NEt,); is necessary for the indium reduction.
Diethylamine is released from P(NEt,); when it undergoes
transamination with oleylamine and generally, secondary
amines are stronger reducing agents than primary amines.
However, a similar control reaction with the injection of ami-
nophosphine replaced with three equivalents of diethylamine
also produced indium oxide instead of indium metal
(Fig. S97). Therefore, we concluded that the indium reducing
agent was likely the aminophosphine itself. Aminophosphines
are known to be redox active in the indium halide-based InP
QD synthesis chemistry, where it reduces itself from P(u) to P(-
u) through three subsequent two-electron reduction
events.’®?!

The role of P(NEt,); as the indium reducing agent was
investigated through analysis of the molecular byproducts of
the nanowire synthesis. The *'P NMR spectrum of the crude
nanowire reaction solution revealed only one major phos-
phorus-containing molecular byproduct, at 18 ppm, which is
in the chemical shift range expected for oxidized phosphorus
(v) (Fig. 2b).>" A potential candidate for this byproduct is the
aminophosphine oxide of the transaminated P(NEt,);, OP
(NHR); (R = CygHjzs). This can be separately synthesized by
adapting a literature method for tris(dimethylamino)phos-
phine oxide®® and carrying out transamination with
oleylamine®>*® (Fig. $10 and S117). The chemical shift of OP
(NHR); is 20.5 ppm in deuterated toluene; however, when OP
(NHR); was spiked into a sample of the crude nanowire reac-
tion solution, there were no additional peaks observed except a
slight broadening around the peak at 18 ppm (Fig. S127). This
suggests that the major phosphorus-containing molecular
byproduct is tris(oleylamino)phosphine oxide, and phosphorus
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Fig. 2 (a) Balanced reaction equation for the reduction of In(TFA); by transaminated aminophosphine. (b) P NMR spectrum of the crude nanowire
reaction solution with the reaction byproduct identified as tris(oleylamino)phosphine oxide, starting material P(NHR)z, and a 2 weight% HzPO, capil-
lary reference (202 MHz, toluene-dg, DS 2, NS 40, D1 10 s). (c) *°F NMR spectrum of the crude nanowire reaction solution with the reaction bypro-
duct identified as N-oleyltrifluoroacetamide and a trifluorotoluene capillary reference (470 MHz, toluene-d8, DS 2, NS 40, D1 10 s). (d) Proposed
mechanism for indium reduction: concerted indium reduction and sacrificial phosphorus oxidation (R = C;gHzs).

oxidation from (III) to (V) is likely the source of electrons to
reduce In*".

The second clue to the indium reduction mechanism came
from tracking the trifluoroacetate moiety of the indium precur-
sor. The >F NMR spectrum of the crude nanowire reaction
solution contained a single peak at —75.5 ppm, indicating one
major fluorine-containing molecular byproduct (Fig. 2c). This
is in the chemical shift region for trifluoroacetic anhydride
and does not match with either In(TFA); (—75.8 ppm) or tri-
fluoroacetic acid (-75.9 ppm) (Fig. S13t). If trifluoroacetic
anhydride was produced during the indium reduction reac-
tion, it is expected to continue to react with the solvent, oleyla-
mine, through an aminolysis reaction to form
N-oleyltrifluoroacetamide.>® A separate reaction between oley-
lamine and trifluoroacetic anhydride at the nanowire reaction
temperature of 180 °C to produce N-oleyltrifluoroacetamide
matches the chemical shift of the observed fluorine-containing
byproduct (Fig. S14t). Therefore, trifluoroacetic anhydride as a
byproduct of the indium reduction is reasonable, and expected
from a balanced reaction equation (Fig. 2a).

Considering the observed molecular byproducts of tris(oley-
lamino)phosphine oxide and N-oleyltrifluoroacetamide, we
propose that the initial step of indium reduction occurs via the

This journal is © The Royal Society of Chemistry 2025

mechanism shown in Fig. 2d. Two equivalents of In(TFA); par-
ticipate in a nucleophilic attack between two of the trifluoroa-
cetate moieties to begin forming the trifluoroacetic anhydride,
followed by reductive elimination of the indium-oxygen bond
and concerted oxygen atom transfer to the aminophosphine
releasing an indium(i) bis(trifluoroacetate) complex, tris(oleyla-
mino)phosphine oxide, and trifluoroacetic anhydride. Further
indium reduction is expected to occur via a similar pathway. In
this mechanism, the electrophilicity of the carbonyl carbon in
the trifluoroacetate groups drives the chemistry.

It is interesting to note that nanowires and the preceding
indium metal nanoparticles have not been observed in amino-
phosphine-based InP QD syntheses from indium(m) halides.
To confirm this, quantum dot syntheses were run with either
InCl; or Inl; as the indium precursor instead of In(TFA);, and
the same purification procedure was applied as for the In
(TFA);-nanowires to isolate any large colloidally unstable nano-
wire or indium metal products. The PXRD pattern of the
resulting product revealed small InP QDs and a large peak
likely related to organics around 20 degrees two theta and no
indium metal (Fig. S15F). We investigated the reduction poten-
tials of InCls, Inl;, and In(TFA); in acetonitrile using cyclic vol-
tammetry and observed features consistent with a nucleation

Nanoscale, 2025, 17, 6593-6603 | 6597
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loop, where there is higher current density on the reverse scan
that represents electrodeposition of, in this case, indium
metal (Fig. S161).>> Both Inl; and InCl; were easier to reduce
than In(TFA)s, therefore we believe that the above mechanism,
which highlights the importance of the reactive carbonyl
chemistry, is a better explanation for the formation of indium
metal.

Morphology control

Through modifications of the indium precursor, the phos-
phorus equivalents and addition rate, or the evacuation step,
the aminophosphine-In(TFA); chemistry can access a multipod
morphology, lower aspect ratio nanoplates, QDs, and large,
bulk InP nanowires. The multipod morphology is when mul-
tiple nanowires emerge from a single metal catalyst particle.
We observed multipods as the predominant synthesis product
under two conditions related to the purity of the indium pre-
cursor and the ratio of indium to phosphorus. First, multipods
were observed when the In(TFA); precursor contained excess
trifluoroacetic acid (Fig. S17a and b¥). This is supported by a
control experiment where 0.1 equivalent trifluoroacetic acid is
added back into pure In(TFA);, and similar multipods and
shortened nanowires were observed (Fig. S17ct). Second, even
with a pure In(TFA); precursor, the standard synthesis con-
ditions occasionally produced multipods (Fig. S17d and ef).
This reproducibility issue was solved by increasing the phos-
phorus equivalents from 4 to 4.4 per indium, which reliably
produced long InP nanowires with an average diameter of
11 nm (Fig. S18t). Multiple nanowires growing from a single
metal particle in SLS has been observed previously in InP
nanowire literature and is attributed to either coalescence of
the metallic tips of already-grown nanowires,"*>® or differ-
ences in the solubility’” or chemical potential®®*®*° of the com-
ponent atoms as they diffuse into the liquid metal.
Additionally, when the metal particle is solid instead of liquid
(solution-solid-solid growth), it can become favorable for mul-
tiple arms to nucleate off one particle.®>®" However, the latter
case is not likely to occur in this study because the melting
point of indium is well below the reaction temperature,
especially considering the size-dependent melting point
depression of nanoscale indium.®?

Adding additional aminophosphine is found to further
control the InP morphology towards novel low aspect ratio an-
isotropic nanocrystals. The metal nanoparticle formation rate
and the phosphorus chemical potential (in solution and dis-
solved in the liquid metal) affect the length of the nanowires,
as found previously in SLS InP nanowire literature.”***>2°
However, in this chemistry, the aminophosphine acts both as
the phosphorus precursor and the indium-reducing agent, so
the exact metal nanoparticle to precursor ratio cannot be
easily controlled. Therefore, we investigated the effects of
adding additional aminophosphine into the reaction while the
nanowires formed. A slow injection at 0.02 mL min~" of an
additional 10 mole percent P(NEt,); starting 15 minutes after
the initial hot injection resulted in shortening of the nanowire
length and formation of rectangular nanoplate-like structures

6598 | Nanoscale, 2025, 17, 6593-6603
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(Fig. 3a and b). Increasing the amount of extra aminopho-
sphine to 50 mole percent while maintaining the rate did not
continue to shorten the aspect ratio, instead forming nano-
wires with wide triangular areas and irregular diameters
(Fig. 3c and d). Nanowire length is controlled by balancing the
ratio of metal catalyst particles to precursors available for
growth.'” More catalyst nanoparticles lead to shorter nano-
wires while more precursors lead to longer nanowires.
Therefore, the addition of 10 mol% aminophosphine appears
to go primarily towards making indium metal because shorter,
wider nanowires are observed, while the addition of 50 mol%
appears to get used primarily as a nanowire precursor because
longer nanowires are observed. It is interesting to find the an-
isotropy of the width and height in addition to the expected
one-dimensional nanowire anisotropy of SLS growth. As dis-
cussed in the introduction, the surfaces of zinc blende indium
phosphide are not energetically favorable to take on a nano-
plate or nanorod morphology.>” SLS is a method to coax InP
into anisotropic morphologies largely inaccessible by tra-
ditional colloidal nanocrystal nucleation and growth.

The InP nanowire synthesis using aminophosphines can be
expanded to another weakly-binding indium complex, indium
tris(trifluoromethanesulfonate) (In(OTH)3).
Trifluoromethanesulfonate was chosen to explore the extreme
limit of weak indium-ligand coordination.®® When In(OTf); is
used as the indium precursor replacing In(TFA);, much larger
bulk InP nanowires are formed, as observed with Scanning
Electron Microscopy (SEM) and TEM (Fig. 4a, b, d and f).
These nanowires have an average diameter of 272 + 144 nm,
are 10s of microns in length, and the PXRD pattern showed
bulk zinc blende InP with a small amount of tetragonal
indium metal (Fig. 4c). A large spherical particle was observed
occasionally on the end of the large nanowires which
SEM-EDS confirmed contains indium and not phosphorus,
which suggests a similar SLS growth mechanism to the In
(TFA);-nanowires (Fig. 4e).

In both the syntheses using either In(TFA); or In(OTf)3, InP
QDs are also formed as a side product. In the reported con-
ditions for the In(TFA);-based nanowire synthesis, nanowire
growth is significantly favored over QD growth, while for In
(OTf)3, QD growth is favored. The QDs and the nanowires are
separated by centrifugation of the crude reaction solution,
where the nanowires crash out and the QDs and other reaction
byproducts remain in the oleylamine supernatant. After
further purification to isolate the QDs, they were characterized
by TEM, PXRD, and NMR spectroscopy. The InP QDs made
from In(TFA); are zinc blende with a crystallite size of 2.2 +
0.9 nm by PXRD, and have a lowest energy excitonic transition
around 475 nm (Fig. S19a-ct). The QDs made using In(OTf);
are small and poorly crystalline as evidenced by the broad
peaks in the PXRD and the low contrast in the TEM
(Fig. S19d-ff). The small size of these QDs is consistent with
aminophosphine-based InP reaction kinetics, where an
indium halide precursor with a better leaving group produces
smaller QDs.®* The PXRD pattern of these QDs is unique from
zinc blende InP and is more reminiscent of a quasi-wurtzite

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TEM images of variations on the InP nanowires with 10 (a and b) or 50 (c and d) mole % extra P(NEt,)s.
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Fig. 4 Characterization of InP nanowires synthesized using In(OTf)s including SEM images (a, b and d), (c) PXRD pattern showing bulk zinc blende
InP and a relatively low amount of tetragonal indium metal, (e) SEM-EDS map showing an InP nanowire growing out of an indium particle, and (f)
high-resolution TEM image showing the (111) lattice planes of the edge of a nanowire.
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phase also observed in InP magic-sized clusters.>>*® Looking
closer at the QD surface could explain the deviation from the
expected zinc blende structure. Typically, aminophosphine-
based InP QDs are tetrahedra capped with halides and amines
to achieve a perfect mix of X- and L-type ligand binding to pas-
sivate the 111 facet.*® However, switching the indium halide
precursor to either In(TFA); or In(OTf); replaces the halide
with a very weakly coordinating organic anion, which is not
observed in the QD sample after purification by '°F NMR spec-
troscopy, only oleylamine is observed on the surface
(Fig. S207t). Additionally, by inductively coupled plasma optical
emission spectroscopy, these QDs are more stoichiometric
(1.1:1 In:P) than aminophosphine-based QDs made from
indium chloride (1.5:1 In:P). This suggests that the QD
surface is only passivated by oleylamine, and the lack of a
strongly-binding X-type ligand favors the quasi-wurtzite phase
over zinc blende.

The QD product was favored over the nanowire product in
the synthesis using In(TFA); when the evacuation step was
skipped. As discussed previously, the nanowire yield decreased
with no evacuation step, resulting in more significant QD
growth as noted by the prominent QD lowest energy excitonic
transition in the UV-vis absorbance spectra (Fig. S6df).
Another condition that favored QDs over nanowires is when
the reaction was carried out using a heat-up method rather
than an aminophosphine hot injection, which also does not
involve the evacuation of In(TFA); and oleylamine. Similarly,
the UV-vis absorbance spectra over the reaction showed a pro-
minent QD population and an overall low absorbance intensity
compared to the hot injection synthesis (Fig. S217).

Conclusion

We developed a synthesis for InP nanowires using the non-pyr-
ophoric, low-toxicity phosphorus precursor P(NEt;); and In
(TFA);. The nanowires are zinc blende InP, 11 nm in diameter
on average, and exhibit a flat, nanoribbon morphology with
the stoichiometric (110) facet exposed. These nanowires grow
through the SLS mechanism, as evidenced by indium metal
nanoparticles on the nanowire tips. The formation of indium
nanoparticles occurs in situ through the reduction of In(TFA);
with aminophosphine as the reducing agent. We proposed a
mechanism in which two equivalents of In(TFA); participate in
nucleophilic substitution through the reactive carbonyl,
oxygen atom transfer to the aminophosphine, and reductive
elimination to yield the initial two-electron reduction of
indium, an oxidized aminophosphine oxide, and trifluoroace-
tic anhydride. We have demonstrated morphology control over
the indium nanoparticle-InP nanowire system through modifi-
cations to the reactant concentration, injection amount and
rate, and the evacuation step to access multipod morphologies,
different nanowire lengths, and small InP QDs. Additionally,
we expanded the aminophosphine-based SLS chemistry to syn-
thesize bulk InP nanowires from the reaction of In(OTf); and
P(NEt,);.
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This study introduces aminophosphine as a suitable phos-
phorus precursor for colloidal InP nanowire growth. This is
important as the industrial relevance of InP and InP nanowires
increases, especially while InP nanowire synthesis currently
relies on the dangerous, toxic tris(trimethylsilyl)phosphine
precursor.”®®°® In addition to technological consequence, the
anisotropic growth of InP through the SLS mechanism is fun-
damentally significant to the nanoscale synthesis field because
it is a pathway to overcome the synthetic barriers to aniso-
tropic InP nanocrystals. Well-defined InP quantum rods and
wires have been achieved through SLS as described in the lit-
erature,” and our work provides an example of InP nano-
ribbons and large, rectangular nanoplates. This shows that
once the SLS mechanism steers InP into one-dimensional
growth, additional width and height anisotropy can arise due
to a neutral L-type amine ligand environment. Expanding the
SLS mechanism for InP and this aminophosphine-based
chemistry will open the possibility of achieving previously
implausible anisotropic InP nanocrystals.
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