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ABSTRACT: Inorganic molten salts are emerging as versatile solvents for high-
temperature processing of colloidal nanocrystals. Molten alkali bromide eutectics
can serve as a convenient solvent for the transformation of InP quantum dots
(QDs) to In1−xGaxP QDs, with simultaneous tuning of the composition and band
gap. Here, we explore various aspects of this molten salt indium-to-gallium cation
exchange in-depth, including the nanocrystal surface chemistry, reaction
conditions, and salt composition, to obtain a more detailed understanding and
finer control over the transformation. InP QDs capped with (DDA)2S, (NH4)2S,
Li2Se, GaCl3, or InCl3 can be homogenously dispersed in a molten bromide salt
mixture. We demonstrate that chalcogenide capping ligands improve the high
temperature stability of InP QDs through the formation of a chalcogen-rich layer
which prevents InP decomposition. For each surface chemistry studied, the
indium-to-gallium cation exchange proceeds similarly, yielding colloidal In1−xGaxP
QDs with an increased band gap and decreased lattice constant. By carefully engineering the reaction conditions and protecting the
nanoparticles from oxidative exposure, we achieve a narrow emission linewidth of 41 nm full width at half maximum from the alloyed
In1−xGaxP colloidal QDs. These insights provide the design space for colloidal synthesis in molten inorganic salts and introduce
synthetic methods for In1−xGaxP QDs with tunable composition and properties. Our work demonstrates the development of
nontoxic QD emitters with optimized stability, color purity, and luminescence quantum efficiency.

■ INTRODUCTION

Much effort has been devoted to the development of colloidal
quantum dots (QDs) as tunable emitters with narrow emission
linewidths for applications as phosphors or emissive layers in
display technologies.1,2 The field has been initially dominated
by the optimization of CdSe QDs, whose high brightness with
∼100% quantum yield (QY) and narrow emission spectra
(∼20−30 nm full width at half maximum, FWHM) outper-
form the characteristics of organic dyes and other solution-
processed emitters.3,4 However, toxicity concerns for materials
used in consumer electronics have inspired the development of
nontoxic alternatives to CdSe QDs.5,6 Heavy-metal-free InP
QDs have emerged as a strong competitor to CdSe for
applications in tunable visible light emission.2,7,8 InP QDs have
achieved high brightness (>90% QY) and narrow linewidths
(35 nm),9,10 but their performance still lags behind that of
CdSe QDs due to several synthetic and structural problems.
The covalent character of the InP lattice and the high reactivity
of its synthetic precursors make the optimization of synthetic
protocols difficult.11,12 Moreover, the InP phase is highly
susceptible to oxidation.13,14 Despite these challenges, high
performance InP emitters have been developed through
advanced core synthesis followed by the growth of successive
ZnSe and ZnS shells to yield bright, stable materials.9,10,15,16

Yet recent work has shown that unintentional zinc-doping of
the InP core creates emissive in-gap states which broaden the
ensemble photoluminescence (PL).17,18 In traditional opto-
electronic devices utilizing III−V semiconductors, such
heterovalent doping is avoided by using lattice-matched,
alloyed III−V materials as wide band gap passivating layers.19

The synthesis of sophisticated all-III−V core/shell nanocryst-
als (NCs) is yet to be achieved with colloidal synthetic
methods; however, there has been some initial success in the
colloidal synthesis of InP/GaP/ZnS7,20 and InZnP/InGaP/
ZnSeS21 heterostructures with high QYs (>70%).
We introduced molten salt processing as a method to

overcome several persistent problems in III−V QD materials
synthesis.22,23 Molten inorganic salts are robust, high temper-
ature solvents with a wide electrochemical window, making
them an inert matrix for many synthetic transformations.
Recent work has shown that NCs can be dispersed in a variety
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of molten salts.24,25 Specific chemical interactions between the
NC surface and the salt matrix induce structuring of the
molten salt ions around the NCs which prevents direct contact
of the NC surfaces. Thus, NCs can be dispersed throughout
the salt matrix and protected from sintering. In addition, alkali
halide melts are rigorously oxygen free and have recently been
used to synthesize a variety of oxidation prone ceramic
materials directly in air.26 These conditions are ideal for
synthetic transformations of III−V QDs.
Recently, a method has been developed for the synthesis of

III−V alloy QDs in an alkali halide molten salt matrix.23 InP or
InAs QDs synthesized by traditional colloidal synthesis can be
dispersed in a molten inorganic salt and transformed to
In1−xGaxP or In1−xGaxAs alloyed QDs by annealing in the
presence of Ga3+ at 380−450 °C. This cation exchange
produces colloidal QDs with a wider band gap and reduced
lattice constant. Thermodynamic analysis of this cation
exchange reaction shows that GaP (ΔHf,298K

0 = −100.1 kJ/
mol) is a significantly more stable phase than InP (ΔHf,298K

0 =
−61.6 kJ/mol), and the reaction is energetically favorable.27

The InP to In1−xGaxP cation exchange introduces several new
properties which may be advantageous for technological
applications: higher extinction coefficient, better lattice match
with wide band gap ZnS shells, and improved high temperature
PL.23 Moreover, the indium-to-gallium cation exchange
produces a phase with improved temperature stability; at any
given temperature, the partial pressure of phosphorus above
InP is higher than that above GaP.27

In this manuscript, we aim to systematically investigate and
better understand the molten salt chemistry of colloidal
nanomaterials. The molten salt synthesis of In1−xGaxP QDs
still needs to be optimized to further improve the optical
properties. Surface chemistry dictates the interaction between
the QD surface and the molten salt matrix; thus, the choice of
surface chemistry may impact the dispersion of the QDs within
the salt,24,25 the thermodynamic favorability of cation exchange
at the QD surface,28 and the stability of the nanocrystalline
III−V phase.29−31 Designing synthetic conditions that stabilize
the QD lattice should prevent the formation of crystalline
defects and impede broadening of the size distribution through
ripening, improving the emission QY and linewidth,
respectively. Additionally, tuning the cation exchange to
achieve a breadth of alloy compositions (In1−xGaxP, where x
= 0−1) with control over cation distribution within the QD
lattice would allow us to achieve novel nanostructures which
mimic well-developed epitaxial structures. For instance, the
creation of all-III−V core shells may improve the emission QY
without the inclusion of heterovalent ions. To attain control
over the cation exchange reaction, we seek to understand its
mechanism through variations in the temperature and time of
reaction as well as changes in composition of the molten salt
reaction medium. Knowledge gained though our extensive
studies on the influence of surface chemistry and reaction
conditions on the molten salt indium-to-gallium cation
exchange has allowed us to achieve a narrow emission
linewidth of 41 nm (0.16 eV) from an optimized synthesis
of the colloidal alloyed III−V QDs.

■ EXPERIMENTAL SECTION
All experiments were performed in a nitrogen glovebox with <2
ppm oxygen and moisture, unless otherwise noted.
Materials. Hexamethylphosphoramide (HMPA, 99%),

trioctylphosphine (TOP, 97%), ammonium sulfide (40−48

wt % in water), didodecyldimethylammonium bromide
(DDAB, 98%), trioctylphosphine oxide (TOPO, 99%),
hydrofluoric acid (HF, 48 wt % in water), and anhydrous
solvents (hexane, toluene, ethanol (EtOH), isopropanol (IPA),
acetonitrile (MeCN), and butanol) were purchased from
Sigma Aldrich and used as received. Oleylamine (OAm,
technical grade, 70%) was purchased from Sigma Aldrich and
purified before use by freezing, thawing, and then centrifuging
to remove any insoluble solids. The resulting purified
oleylamine was dried under dynamic vacuum before use.
Formamide (FA, 99.5%) and oleic acid (OA, 90%) were
purchased from Sigma Aldrich and dried under dynamic
vacuum before storage in a nitrogen glove box. Cesium
chloride (ultra dry, 99.998%), lithium chloride (ultra dry,
99.9%), potassium chloride (ultra dry, 99.95%), cesium
bromide (ultra dry, 99.9%), lithium bromide (ultra dry,
99.9%), potassium bromide (ultra dry, 99.9%), gallium(iii)
iodide (ultra dry, 99.999%), gallium(iii) chloride (ultra dry,
99.999%), potassium iodide (ultra dry, 99.998%), lithium
iodide (anhydrous, 99.95%), and N,N-dimethylformamide
(DMF, anhydrous 99.9%) were purchased from Alfa Aesar
and used as received. Lithium sulfide (98%) and indium(iii)
chloride (anhydrous, 99.999%) were purchased from Strem
Chemicals and used as received. Lithium selenide was
synthesized from lithium triethylborohydride and selenium
pellets as described previously.32,33

InP QDs. 3.8 nm diameter InP QDs were provided by
Nanosys, Inc. as a solution in ODE and were stored in a
nitrogen glove box. The QDs were precipitated by addition of
EtOH and centrifugation and redispersed in toluene for further
processing.

(NH4)2S Ligand Exchange. A solution of as-synthesized
InP QDs dispersed in toluene (4 mL, 5 mg/mL) was layered
atop a solution of 50 μL (NH4)2S (40−48 wt % aq.) in 2 mL
formamide.34 The mixture was stirred until all QDs were
transferred to the formamide phase. The toluene phase was
removed, and the formamide phase was washed three times
with 5 mL fresh toluene. The (NH4)2S-capped QDs were
precipitated by adding MeCN and toluene nonsolvents and
centrifugation. The QDs were washed once more with
formamide/MeCN/toluene, and then the pellet was washed
with MeCN/toluene to remove residual formamide. The pellet
was allowed to dry overnight under nitrogen at room
temperature.

Li2S Ligand Exchange. A solution of as-synthesized InP
QDs dispersed in toluene (4 mL, 5 mg/mL) was layered atop
2 ml of a freshly prepared 0.0125(M) solution of Li2S in
formamide. The mixture was stirred until all QDs were
transferred to the formamide phase. The toluene phase was
removed, and the formamide phase was washed three times
with 5 mL fresh toluene.

(DDA)2S Ligand Exchange. Following the above
procedure, a solution of (NH4)2S or Li2S-capped InP QDs
was prepared in formamide (2 mL, 10 mg/mL). A solution of
∼400 mg DDAB in 2 mL toluene was added to the formamide
solution and mixed well. The QDs were quickly transferred
into the toluene phase. The formamide phase was discarded,
and the toluene phase was washed with EtOH to remove
excess DDAB. The (DDA)2S-capped InP QDs could be
redispersed in toluene or hexane.

Li2Se Ligand Exchange. A solution of as-synthesized InP
QDs dispersed in toluene (10 mL, 2 mg/mL) was layered atop
a solution of Li2Se in formamide (2 mL, 0.1 M).34 The mixture
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was stirred until all QDs were transferred to the formamide
phase. The toluene phase was removed, and the formamide
phase was washed three times with 10 mL of fresh toluene.
The Li2Se-capped QDs were precipitated with MeCN and
centrifugation. The QDs were washed with formamide/
MeCN/toluene, and then the pellet was washed with MeCN
to remove residual formamide. The pellet was allowed to dry
overnight under nitrogen.
GaCl3 and InCl3 Ligand Exchanges. The MCl3 ligand

exchanges were adapted from a procedure reported by Dirin et
al.35 A solution of as-synthesized InP in hexane (10 mL, 2 mg/
mL) was layered atop a solution of MCl3 in DMF (2 mL, 0.05
M) and stirred until all particles were transferred to the DMF
phase. The particles were precipitated by the addition of
toluene and centrifugation and redispersed with DMF plus 10
vol % HMPA. This washing procedure was repeated three
times. The particles were then redispersed with acetonitrile,
washed with a mixture of toluene and hexane, and allowed to
dry overnight under nitrogen.
Molten Salt Dispersal. A bromide eutectic mixture was

formed by combining CsBr, LiBr, and KBr in the molar ratio
25:56.1:18.9 (melting point 236 °C) and mixed well with a
mortar and pestle. A portion of 1.5 g of the bromide eutectic
mixture was combined with the ligand exchanged QDs. For the
(DDA)2S passivated particles, the QDs were added to the salt
as a solution in toluene and the toluene was removed by
evaporation at 140 °C before further heating. A similar
protocol was followed while using either an iodide eutectic
mixture obtained by combining KI and LiI in the molar ratio
36.9:63.1 (melting point 250 °C) or a chloride eutectic
mixture obtained by combining CsCl, KCl, and LiCl in the

molar ratio 29.2:13.3:57.5 (melting point 265 °C) and ground
into a fine powder with a mortar and pestle. For the other
surface ligands, the NCs were added to the bromide salt as a
dry powder and were combined in a mortar and pestle. The
salt/QD mixture was loaded into a 4 mL glass vial and heated
at 300 °C with vigorous stirring (using a glass-coated stir bar)
for 1−3 h to form a homogenous dispersion. We provided the
photographs of such (visually) homogeneous particle dis-
persions in the molten bromide eutectic, Figure 1d. Previously
reported SAXS measurements further confirmed the homoge-
neous dispersion of NCs in the molten salt medium.24

Molten Salt 400 °C Annealing. After dispersal of the
QDs in molten bromide eutectic at 300 °C, the mixture was
cooled to room temperature and transferred into a muffle
furnace. The QD/salt dispersion was heated at 400 °C for 1 h.

Gallium Cation Exchange. After dispersal of the QDs in
molten bromide eutectic at 300 °C, the mixture was cooled to
room temperature and 230 mg of GaI3 (0.5 mmol) was added
to the salt mixture. The mixture was heated at 300 °C with
vigorous stirring for an additional hour to fully incorporate the
gallium salt. After cooling to room temperature, the salt
mixture was transferred into a muffle furnace and heated at an
elevated temperature (380−430 °C) for the desired reaction
time (1−16 h). Higher temperatures and longer reaction times
led to increased gallium incorporation.

QD Recovery following Molten Salt Treatment. The
bromide salt matrix was dissolved in 80 °C formamide (∼10
mL), and the QDs were recovered as a solid by centrifugation.
The QD solid was washed with 4 mL of fresh formamide to
remove residual salt. The particles could regain colloidal
stability in nonpolar solvents through treatment with either

Figure 1. (a) Schematic illustrating the role of surface ligands in the dispersal of QDs in nonpolar solvents, polar solvents, and molten salts. Long-
chain organic ligands provide stabilization in nonpolar solvents through steric repulsion, charged inorganic surface ligands provide stabilization in
polar solvents through electrostatic repulsion, and chemical interactions between the NC surface and coordinating molten salts provide stabilization
through ion correlations (blue: cation and orange: anion). (b) Solution absorbance spectra of InP QDs before molten salt dispersal and annealing
show near identical features for particles with different surface chemistries. (c) Solution absorbance spectra for solutions of InP QDs with different
initial surface chemistries following molten salt dispersal at 300 °C show slightly broadened and shifted features. (d) Photographs of uniform
dispersions of InP QDs in molten bromide eutectic at 300 °C, with different surface chemistries indicated.
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OA/OAm or (NH4)2S and DDAB (S/DDA). To recover the
particles with OA/OAm, the QD powder was combined with 2
mL of toluene, 100 μL of OA, and 100 μL of oleylamine and
stirred at 50 °C for 45 min. The resulting QD solution in
toluene was washed with ethanol to remove excess ligands and
then stored in toluene or hexane. For S/DDA recovery, the
QD powder was dispersed in 2 mL of formamide using either
30 μL of (NH4)2S solution or 250 μL of a 0.1(M) solution of
Li2S in formamide. A solution of DDAB in toluene was then
layered atop the formamide solution, and the QDs were
transferred to the toluene phase upon mixing. The QD
solution in toluene was washed with ethanol to remove excess
ligands, and the particles were redispersed in toluene or
hexane.
HF Treatment of In1−xGaxP QDs. A solution of 3 mL of

hexane, 1 mL of butanol, 2 μL of 5vol % HF in butanol (2.4 ×
10−6 mol HF), 50 μL of In1−xGaxP QD solution in hexane (10
mg/mL, ∼8 × 10−9 mol QDs), and ∼400 mg of TOPO was
prepared in a plastic centrifuge tube and sealed under nitrogen
in the glove box. In a fume hood, the solution was illuminated
by a halogen lamp with a 515 nm long pass filter for 2 h.
Absorbance, PL, and PLE spectra of the HF-treated solutions
were collected in PMMA cuvettes in air. Note: Higher
emission QY was achieved with 10× more concentrated HF
treatment, accompanied by an absorbance blue shift and PL
broadening.

■ CHARACTERIZATION
Optical Absorption. UV−vis spectra were collected on

colloidal solutions of QDs with a Cary 5000 spectropho-
tometer.
Emission. PL and PL excitation (PLE) spectra for colloidal

solutions of QDs were collected using a Horiba Fluoromax-4
fluorimeter. Unless otherwise stated, PL spectra were acquired
with a 430 nm excitation. For both the PL and PLE
measurements, the monochromator slits were set at 3 nm at
both the entrance and exit slits. The PLE spectra have
excitation scatter removed for clarity. QYs were measured by
comparison to the reference dye Coumarin-153 (QY 53%).
Powder X-ray Diffraction. Wide-angle powder X-ray

diffraction (PXRD) data were acquired on a Bruker D8
diffractometer using a 1.54 Å Cu K-α source and a Vantec
2000 array detector. QD samples were prepared as films on
glass or silicon. The In1−xGaxP composition was estimated
from the position of the [111] peak using Vegard’s law. The
lattice constant, a, is related to the [111] peak position as
follows, where d111 is the d-spacing of the [111] plane, λ is the
wavelength of the X-ray source, and θ is the peak position

d a d
2 sin

and 3111 111
λ

θ
= =

Then, the lattice constants of bulk InP (5.8687 Å) and GaP
(5.4505 Å) can be used as follows to calculate the alloy
composition, x

a x a xa(In Ga P) (1 )x x1 In Ga= − +−

Small-Angle X-ray Scattering. Colloidal solutions of
QDs in toluene or hexane were prepared in sealed Kapton
capillaries for small-angle X-ray scattering (SAXS) experiments.
SAXS patterns were collected using a SAXSLab Ganesha
instrument with Cu Kα radiation (λ = 1.54 Å). The SAXS
curves were analyzed by fitting to a quantitative model in Igor
Pro using the Irena package (available at http://usaxs.xray.aps.

anl.gov/staff/ilavsky/irena.html).36 The scattering curves were
fit in the particle size distribution module using the model-free
maximum entropy approach. Based on TEM data, the particles’
form factor was assumed to be that of a sphere with an aspect
ratio of 1. The extracted size distributions were further fit with
symmetric Gaussians.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) images were obtained on an FEI
Technai F30 microscope at 300 kV.

Inductively Coupled Plasma-Optical Emission Spec-
troscopy. QD samples were prepared for inductively coupled
plasma-optical emission spectroscopy (ICP-OES) measure-
ments by thorough washing with ethanol followed by digestion
in 0.5 mL of 4:1 HCl (≥37%, TraceSELECT, Fluka): HNO3
(69.0%, TraceSELECT, Aldrich). The samples were diluted
with deionized ultra-filtered water to a concentration of 0.5−
25 ppm. ICP-OES analysis was performed using an Agilent 700
Series spectrometer.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a Kratos Axis
Nova spectrometer using monochromatic Al Kα source
(1486.6 eV). In 3d, Ga 2p3/2, P 2p, and O 1s high-resolution
spectra were collected using an analysis area of 0.3 × 0.7 mm2

and 20 eV pass energy with the step size of 100 meV. Charge
neutralization was performed using a co-axial, low energy
(≈0.1 eV) electron flood source to avoid shifts in the
recovered binding energy. C 1s peak of adventitious carbon
was set at 284.8 eV to compensate for any remaining charge-
induced shifts.

■ RESULTS AND DISCUSSION

Dispersion of InP QDs with Different Surface Ligands
in Molten Salts. Solution-processed NCs can be uniformly
dispersed in a variety of molten salt media.24,25 To form a
stable dispersion, the NC surface chemistry and salt
composition must be complementary to allow for chemical
interactions at the surface that induce ion templating in the salt
matrix. These ion correlations extend beyond the Debye length
and prevent close contact of NC surfaces in the salt matrix.25

To achieve the required surface interaction, as-synthesized
NCs capped with long-chain organic ligands must undergo
either ligand stripping, creating a bare NC surface,37 or
inorganic ligand exchange, passivating the surface with small
inorganic moieties.34,35,38,39 These NCs can then be uniformly
dispersed in Lewis basic molten salts, such as alkali halides and
thiocyanates (Figure 1a).24

It has been shown that the dispersal of III−V QDs in a
molten salt matrix can allow access to chemical transformations
that are impossible in traditional organic media.22,23 Molten
salt annealing in the presence of excess Ga3+ improves the
GaAs QD lattice structure by healing gallium vacancies22 and
induces indium-to-gallium cation exchange in InP and InAs
QDs.23 Previous molten salt studies were conducted primarily
on III−V NCs passivated with didodecyldimethylammonium
sulfide ((DDA)2S). It was postulated that at the high
temperature of molten salt processing (≥300 °C), the DDA+

cations decompose via Hofmann elimination and the salt
interfaces with a sulfide-capped QD surface.23 Here, we seek to
understand the role that different surface chemistries can play
in the dispersal, phase stabilization, and reactions of III−V
QDs in a molten bromide matrix, focusing on InP QDs and
indium-to-gallium cation exchange.
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To fully understand the role of surface chemistry in the
molten salt dispersal and indium-to-gallium cation exchange of
InP QDs, we characterized the changes in the QD properties at
multiple stages of the synthetic process. Using a consistent
batch of 3.8 nm InP QDs (Figure S1; small InP QDs, see
Experimental Section), we explored molten salt dispersal at
300 °C and elevated temperature annealing at 400 °C, with or
without excess Ga3+, for the following surface chemistries:
(DDA)2S, (NH4)2S, Li2Se, GaCl3, and InCl3. Sulfide and
selenide were chosen due to the previous success with the
dispersal of sulfide-capped QDs in molten salts,22,23,25 the
ubiquity of surface chalcogenide treatments for III−V
semiconductors,40 and the established precedent for shelling
InP QDs with ZnSe and ZnS.15,41 Sulfur is known to have
relatively high diffusivity in InP at elevated temperatures31,42

and could impact the optical and electronic properties of InP
and In1−xGaxP QDs if it diffuses into the bulk of the QD
lattice.43 To explore similar surface chemistry with a lower
probability of diffusion, we studied selenide surface ligands,
which should have a lower diffusion coefficient in the InP
lattice due to their larger ionic radius.44 Additionally, GaCl3
and InCl3 surface chemistries were chosen because they will
not introduce heterovalent impurities into the system.
The native organic ligands which passivate the as-

synthesized InP QDs were replaced with small inorganic
ligands through two-phase solution ligand exchange following
reported procedures.34,35 In brief, a dilute solution of InP QDs
dispersed in a nonpolar solvent (hexane or toluene) is added to
an immiscible solution of the desired inorganic ligand in the
polar solvent (N,N-dimethylformamide (DMF) or forma-
mide). The inorganic ligands replace the native ligands at the
NC surface, and the NC phase is transferred into the polar
solvent. Colloidal solutions of (NH4)2S and Li2Se-capped InP
QDs in formamide and GaCl3 and InCl3-capped InP QDs in
DMF have absorbance spectra which are nearly identical to
that of the as-synthesized InP QDs, confirming that we have
maintained the QD size and monodispersity (Figures 1b and
S1). The (NH4)2S-capped InP QDs can be transferred back
into toluene or hexane using didodecyldimethylammonium
bromide (DDAB) as a phase transfer agent to yield (DDA)2S-
capped InP QDs, employing a standard protocol adopted from
one of our past publications.45 Toluene and hexane serve as
inert, low boiling point solvents for ease of further processing
steps, and the DDA+ should decompose at the high
temperatures of molten salt treatment (≥300 °C) to yield a
sulfide-capped QD surface.46

The inorganic-capped InP QDs can be well dispersed in a
molten bromide eutectic composed of CsBr, LiBr, and KBr in a
25:56.1:18.9 molar ratio (melting point 236 °C).47 The
(NH4)2S, Li2Se, GaCl3, and InCl3-capped InP QDs were dried
and then combined with the bromide eutectic powder by
grinding in a mortar and pestle. In contrast, the (DDA)2S-
capped InP QDs could be added to the bromide salt as a
toluene or hexane solution, followed by solvent evaporation to
yield a uniform distribution of the QDs throughout the
bromide salt powder. The QD/salt mixtures were heated well
above the melting point of the bromide eutectic (300 °C) and
stirred vigorously for 3 h to achieve uniform dispersions. For
all the surface ligands studied, the InP QDs were distributed
uniformly throughout the salt matrix (Figure 1d).
To investigate the stability of InP QDs after dispersion in

molten salts, we recovered the salt-dispersed QDs as colloidal
solutions in a nonpolar solvent. Upon cooling to room

temperature, the QDs are well-dispersed in a solid bromide salt
matrix. The bromide salt can be dissolved in formamide, and
the QDs are isolated as a powder by centrifugation. The
colloidal stability of these QDs can be regained by two
different methods. In previous works, the NCs have been
recovered through repassivation with (DDA)2S, as described
above.22,23 To avoid the surface restructuring that takes place
upon sulfide exchange,31,43 here we instead use a combination
of OA and OAm (OA/OAm) ligands to recover colloidal
stability. The salt-treated QDs regain colloidal stability when
stirred in a toluene solution of OA/OAm at 50 °C for 45 min.
The resulting QD solution can be washed with EtOH to
remove excess organic ligands, and the washed particles retain
colloidal stability indefinitely. For each of the QD surface
chemistries mentioned above, the QDs were recovered with
OA/OAm after molten salt treatment.

Stability of InP QDs during Molten Salt Annealing.
Dispersal of the InP QDs in molten bromide eutectic at 300
°C induces minor changes in the QD properties which are
largely independent of the initial surface chemistry. After
molten salt dispersal and recovery with OA/OAm, the InP
QDs initially passivated with (DDA)2S, (NH4)2S, GaCl3, and
InCl3 can be quantitatively recovered as a colloidal solution in
hexane or toluene. The QDs capped with Li2Se, in contrast,
have only limited colloidal stability when recovered with OA/
OAm and must be repassivated with (DDA)2S to achieve
quantitative colloidal stability. We attribute this difference in
dispersibility to redox reactions at the surface of the selenide-
capped QDs, for instance, oxidation to produce diselenide
surface species.48 For all surface chemistries studied, there is
mild ripening of the InP QDs during molten salt treatment at
300 °C. This increase in particle size distribution broadens the
absorbance spectra (Figures 1c and S2), decreasing the
prominence of the excitonic features and increasing the half-
width at half maximum (HWHM) of the first excitonic peak.
This peak broadening is qualitatively similar for all of the
studied surface chemistries. Additionally, the position of the
first excitonic peak slightly shifts after molten salt annealing at
300 °C, with redshifts observed for chalcogenide passivated
InP QDs and blue shifts observed for GaCl3 and InCl3
passivated QDs. This can be explained either by the changes
in average particle size or by the changes in surface chemistry
which can impact the positions of the band-edge states.49 The
observed effects are subtle, rendering it difficult to deconvolute
the effects of these two possibilities. For all the studied surface
chemistries, the XRD patterns for the InP QDs recovered after
molten salt annealing at 300 °C, show peaks nearly identical to
the initial QDs with no appreciable change in peak breadth or
appearance of impurity phases (Figure S3).
More pronounced changes in the InP QD structure and

properties can be observed after molten salt annealing at higher
temperatures. Although III−V QDs have been regarded as
more robust than many other NC systems due to their
resistance to ripening and grain growth at high temper-
atures,50,51 the InP phase has relatively poor thermal stability
due to the high equilibrium vapor pressure of phosphorus
above InP at elevated temperatures.27 The decomposition of
bulk InP starts around 500 °C,52 though it can be mediated by
saturating the atmosphere with phosphorus or modifying the
InP surface.30,53,54 We can expect that the thermal decom-
position of InP will occur at even lower temperatures in
nanocrystalline materials due to their high surface to volume
ratio.
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Changes occur in the structure and properties of InP QDs
annealed in molten bromide eutectic at 400 °C, which show an
interesting dependence on surface chemistry and suggest that
surface chemistry may be able to tune the QD reactivity in
molten salts. After dispersing the inorganic-capped InP QDs in
molten bromide salt at 300 °C, the salt mixture was annealed
at 400 °C for 1 h. Then the salt was dissolved and the QD
powder was treated with OA/OAm as described above. For
each of the surface chemistries tested, only a small amount
(<5%) of the InP QDs could be recovered as a colloidal
solution in toluene after molten salt annealing at 400 °C. The
solution absorbance spectra were measured for the colloidal
material (Figure S2), and the residual powders were analyzed
by XRD (Figures 2 and S3). The XRD patterns show that the
(DDA)2S and Li2Se-treated InP QDs remain stable at high
temperatures, with major peaks corresponding only to
nanocrystalline InP, while the (NH4)2S-, GaCl3-, and InCl3-
treated samples have peaks corresponding to both nanocrystal-
line InP and decomposition products (indium metal and In2S3)
due to the loss of phosphorus under these conditions

4 InP 4 In(0) P4→ + ↑

2 InP 3 (NH ) S In S 2 PH 6 NH4 2 2 3 3 3+ → + ↑ + ↑

The InP decomposition mechanism is in accordance with
the mechanism of bulk InP decomposition as described in
prior literature.52 As we observed the formation of elemental
metallic indium as one of the decomposition products (via
PXRD, Figure 2); the mechanism as described is the most
likely one. The In2S3 impurity peaks in the XRD pattern for the
(NH4)2S-passivated InP QDs after 400 °C annealing (Figure
2c) can also result from the presence of residual polysulfide
species ((NH4)2Sn, n > 1) in the salt melt, which are known to
form in the aqueous (NH4)2S solution used for ligand
exchange55 and can be highly oxidizing

2 InP (NH ) S In S (NH ) S 1/2 Pn n4 2 2 3 4 2 3 4+ → + + ↑−

The formation of an In2S3 phase is not observed for
(DDA)2S-passivated InP because the excess polysulfide is likely
removed in further phase transfer and washing steps, while the
Li2Se-passivated InP QDs are treated with high purity Li2Se
that does not contain polychalcogenides. As a control
experiment, we show that InP QDs passivated with high
purity Li2S and annealed in molten bromide at 400 °C have no
In2S3 peaks in the XRD pattern and a smaller contribution
from metallic indium (Figure S4). Thus, the decomposition of
sulfide passivated InP QDs at elevated temperatures may be
controlled by using Li2S or more thorough washing of the
(NH4)2S-passivated particles. We nonetheless show below that
the (NH4)2S-passivated InP particles largely maintain their
particle size upon 400 °C molten bromide annealing.
One can notice slight deviations in the InP X-ray peak

positions from the bulk values in Figure 2b,c,e. Small tightly
bound surface ligands such as sulfide and gallium chloride etc.
may impose compressive lattice strain on the nanoparticles.
These small distortions may have led to slightly shifted peak
positions in the diffractogram. No shifts are observed for InP
QDs capped with larger selenide and indium chloride ligands
(Figures 2d,f). The data in Figure S3 further confirm that these
X-ray peak shifts are intrinsic to the surface chemistry (i.e. they
are observed after the ligand exchange) and not an effect of
high temperature annealing.

The XRD patterns show a difference in the crystallite size for
chalcogenide and metal halide-treated InP QDs following 400
°C molten bromide annealing. The InP peaks are much
sharper in the patterns for the GaCl3 and InCl3-treated QD
samples following the high temperature annealing (Figure
S3d,e); analysis of the Scherrer size for these materials suggests
that they have either sintered or undergone significant Ostwald
ripening to form larger InP nanocrystallites, increasing from

Figure 2. (a) Schematic illustrating how chalcogenide ligands form a
protective surface layer on InP QDs, which limits decomposition and
grain growth at high temperatures. (b−f) PXRD patterns for InP QDs
after heating at 400 °C in molten bromide eutectic with peak
positions and intensities for bulk InP given as grey bars. QDs
passivated with (b) (DDA)2S and (d) Li2Se show little evidence of
decomposition and minimal grain growth. QDs passivated with (c)
(NH4)2S, (e) GaCl3, and (f) InCl3 have impurity peaks corresponding
to particle decomposition. (g) Scherrer sizes calculated from the XRD
patterns for InP QDs following ligand exchange and molten bromide
annealing at 300 and 400 °C. QDs passivated with GaCl3 and InCl3
show significant grain growth at 400 °C.
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∼3 nm to over 6 nm in average crystallite size (Figure 2g). The
XRD peaks for the annealed InP QDs passivated with
chalcogenide ligands show a small decrease in the peak
breadth, corresponding to a slight increase in the Scherrer size
of these particles (∼3 to ∼3.8 nm). The absorbance spectra for
the colloidal fraction of the 400 °C annealed QDs also show
broadening and redshifts indicative of particle ripening (Figure
S2). This broadening is most pronounced for the QDs treated
with InCl3 and most subtle for the QDs treated with (DDA)2S,
in agreement with the change in the particle size predicted by
XRD. Interestingly, the absorbance spectrum for the 400 °C
annealed QDs treated with GaCl3 shows both a broad, red
shifted onset indicative of particle ripening and blue shifted
excitonic peaks. This suggests the GaCl3-treated particles not
only ripened, as seen with the InCl3-treated particles, but also
underwent partial gallium cation exchange, leading to an
absorbance blue shift (see discussion below). The observed
differences in decomposition and particle growth for the
chalcogenide and metal halide capped InP QDs indicate that
the initial surface chemistry can play a significant role in not
only the dispersibility of the QDs in the molten salt matrix but
also impact the particle stability at elevated temperatures.
Based on elemental analysis of the particles recovered after

the 400 °C molten bromide annealing (Table 1), the particles

initially passivated with chalcogenides retain a chalcogen-rich
surface through the molten salt processing and recovery. This
may indicate the formation of a surface shell of metal
chalcogenides (In2S3 or In2Se3), which acts as a protective
layer and prevents QD ripening and decomposition (Figure
2a). The high temperature stabilization of InP surfaces with
(NH4)2S by the formation of a thin In2S3 layer is well-
documented for bulk crystals,29−31 and we expect that selenide
will perform a similar function. Moreover, any physical barrier
to phosphorus outgassing has been shown to improve the
temperature stability of bulk InP,54 so this stabilization
phenomenon can likely be extended to other surface
chemistries.
The increased stability of chalcogen-passivated InP QDs

under molten bromide annealing at 400 °C shows that QD
surface groups can act as surfactants at the QD/salt interface.
Here, we use the IUPAC definition of the surfactant to mean: a
substance which lowers the surface tension of the medium in
which it is dissolved, and/or the interfacial tension with other
phases, and, accordingly, is positively adsorbed at the liquid/
vapor and/or at other interfaces.56

Impact of Surface Chemistry on Indium-To-Gallium
Cation Exchange: QD Composition. The above studies
illustrate the role that surface ligands play in the dispersion of
InP QDs in a molten bromide eutectic and how these surface

ligands impact the high temperature stability of nanocrystalline
InP. We seek to use these observations to inform the design of
synthetic transformations of InP QDs in molten salt media,
specifically indium-to-gallium cation exchange. Our previous
work has shown that (DDA)2S-passivated InP QDs dispersed
in molten salt undergo cation exchange to produce In1−xGaxP
QDs when heated above 380 °C in the presence of excess Ga3+

(Figure 3a).23 The extent of cation exchange controls both the
lattice constant and the band gap of the resulting alloy (Figure
3b).57 Thus, by controlling the QD size and alloy composition,
the absorbance and emission energies as well as the lattice
match with wide band gap shelling materials may be tuned. We
seek to understand if changes in the surface chemistry of the
initial InP QDs impact the properties of the resulting
In1−xGaxP alloy QDs.
When GaI3 is added to the molten bromide eutectic, high

temperature annealing of the InP QD mixture results in
indium-to-gallium cation exchange for all surface chemistries
tested. The (DDA)2S, (NH4)2S, Li2Se, GaCl3, and InCl3-
treated InP QDs were dispersed in molten bromide eutectic at
300 °C as described above. Then, a stoichiometric excess of
GaI3 (∼5:1 Ga/In) was added, and the salt mixture was stirred
for an additional hour at 300 °C. About 0.5 mmol GaI3 was
used for ∼20 mg of as-synthesized InP nanoparticles. After
thorough incorporation of Ga3+ into the salt mixture, the QD
dispersion was annealed at 400 °C for 1 h. Using the OA/
OAm recovery method, the QDs initially passivated with
(DDA)2S, (NH4)2S, or GaCl3 could be quantitatively
redispersed as a colloidal solution in toluene or hexane
which remained stable indefinitely. The QDs were initially
passivated with InCl3, and Li2Se showed poorer colloidal
stability following OA/OAm recovery. PXRD patterns for the
products collected after 400 °C annealing in the presence of
Ga3+ show broad peaks corresponding to a nanocrystalline
phase with peak positions between those of the InP and GaP
standards, suggesting that an In1−xGaxP alloy has formed for all
samples (Figure 3c). Successful indium-to-gallium cation
exchange can also be observed by the pronounced blue shift
in the absorbance onset for each of the surface chemistries
studied (Figure 3d).
Though differences in surface chemistry show marked effects

on the phase stability of InP QDs when annealed at 400 °C
without Ga3+, the cation exchange products resulting from
different initial surface chemistries are quite similar. PXRD
patterns for the Ga3+-treated material show negligible peak
broadening and no impurity peaks for each of the surface
chemistries studied (Figures 3c and S3 and S5a). Moreover,
the products were much more successfully recovered as a
colloid following cation exchange as compared to the poor
recovery (<5%) following the control InP QDs annealed at
400 °C without addition of Ga3+. This indicates that the cation
exchange conditions impart additional stability to the InP
phase and nanocrystalline morphology. In addition, the surface
coordination of Ga3+ may create stronger interactions between
the QD surface and the salt matrix, causing better dispersion of
the QDs in the matrix and thus preserving the QD size by
preventing direct QD surface contact and sintering.25

The QD morphology following cation exchange was
examined using TEM and SAXS. TEM images of the InP
QDs before cation exchange and a representative In1−xGaxP
QD sample show that the particles have maintained their
approximate size and shape (Figure S6). We can use SAXS of
the colloidal QD solutions to more accurately quantify the

Table 1. Elemental Analysis of Recovered InP QDs after
Annealing in Molten Bromide Eutectic as Determined by
ICP-OES, with Initial Surface Chemistry and Annealing
Temperature Indicated

In mol % P mol % S or Se mol %

(DDA)2S, 300 °C 49% In 33% P 18% S
(DDA)2S, 400 °C 46% In 32% P 22% S
(NH4)2S, 300 °C 47% In 31% P 22% S
(NH4)2S, 400 °C 48% In 28% P 24% S
Li2Se, 300 °C 45% In 30% P 25% Se
Li2Se, 400 °C 46% In 27% P 27% Se
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particle size and size distribution before and after cation
exchange.58 Fits of the solution SAXS patterns indicate that the
initial InP QDs have a diameter of 3.8 nm with a standard
deviation of 0.5 nm (Figure S7), while the In1−xGaxP QD
diameters decrease to 3.3−3.5 nm with a slight increase in
polydispersity (Table 2, Figure S8). Since GaP (a = 5.4505 Å)
has a smaller lattice constant than InP (a = 5.8687 Å), we
expect the particle volume to decrease due to lattice
contraction upon cation exchange. Based on SAXS data, we
do not observe a significant difference in In1−xGaxP QD size or
polydispersity as a function of the initial surface ligand.
The extent of indium-to-gallium cation exchange for each of

the surface ligands can be estimated based on the shifts in
PXRD, absorbance, and emission peaks as well as elemental
analysis. For an alloy QD with the composition In1−xGaxP, the
XRD peak positions shift to higher angles and the absorbance
and emission peaks shift to higher energies with increasing
gallium content, x (Figure 3b). We can estimate the

composition of an In1−xGaxP sample using Vegard’s law,
where the change in lattice constant as a function of changing
composition is assumed to be linear (see Experimental
Section). A recent computational study confirmed that
Vegard’s law holds well for sub-10 nm size In1−xGaxP QDs
with a random distribution of Ga and In ions.59 Based on the
measured lattice constant, the composition of the In1−xGaxP
QDs varies significantly with changes in the initial surface
ligand, x = 0.27−0.48 (Figures 3c,e). In contrast, the elemental
analysis obtained using ICP-OES and X-ray fluorescence
(XRF) suggests both a closer similarity in composition for
In1−xGaxP samples with different surface ligands and also a
higher extent of cation exchange, x = 0.58−0.63 (Figure 3e and
Table 2). Moreover, the differences in the absorbance onset
energy as a function of surface chemistry do not correlate to
the changes in composition as measured by XRD (Figures 3d
and 4a; see further discussion below). Therefore, we suggest
that under our experimental conditions, the In1−xGaxP QD

Figure 3. (a) Schematic illustrating indium-to-gallium cation exchange in molten bromide salt. (b) Relationship between the band gap and lattice
constant for In1−xGaxP alloys, adapted from ref 57. (c) XRD patterns for gallium-exchanged In1−xGaxP QDs with different initial surface
chemistries. Standard patterns are given for InP (grey) and GaP (black). (d) Solution absorbance spectra for InP and In1−xGaxP QDs with different
initial surface chemistries show an expected blue shift upon cation exchange. (e) Compositions for In1−xGaxP particles with different initial surface
chemistries, calculated from elemental analysis (ICP-OES) (blue spheres) and from the lattice constant measured via XRD (orange spheres). The
much higher gallium incorporation indicated by elemental analysis that is not reflected in the measured lattice constant suggests the formation of a
Ga-rich surface layer.

Table 2. In1−xGaxP QD Diameters and Standard Deviations Calculated from Fits to SAXS Patterns and Estimated
Composition from XRD and Elemental Analysis of Recovered In1−xGaxP QDs after Molten Salt Cation Exchangea

In1−xGaxP QD
diameter (nm)

calculated x
(XRD)

calculated x
(ICP-OES)

calculated x
(XRF)

In mol %
(ICP-OES)

Ga mol %
(ICP-OES)

P mol % (ICP-
OES)

S or Se mol %
(ICP-OES)

(DDA)2S 3.4 ± 0.6 0.48 0.63 0.61 20% 33% 38% 9% S
(NH4)2S 3.5 ± 0.6 0.37 0.61 0.60 20% 31% 39% 10% S
Li2Se 3.5 ± 0.5 0.27 0.59 0.58 21% 31% 36% 12% Se
GaCl3 3.5 ± 0.7 0.35 0.61 0.53 22% 35% 43%
InCl3 3.3 ± 0.6 0.32 0.58 0.48 23% 33% 44%

aInitial surface chemistry of the particles is indicated.
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composition is more accurately predicted by elemental analysis
than XRD. ICP-OES elemental analysis of the elements
phosphorous and sulfur is often unreliable. Before analysis, the
crystals are digested in acids, which could lead to the formation
of gaseous products from P and S, as well as a precipitation of
elemental sulfur. These can therefore escape and not be
measured, leading to underestimating their compositions.60

The total cation (In + Ga) to anion (P + S) ratios recorded on
Table 2 via ICP-OES elemental analysis are within a
reasonable range and in agreement with previously reported
data. Based on elemental analysis, there are only slight
differences in the gallium incorporation for In1−xGaxP QDs
with different surface chemistries. The differences in alloy
composition can be attributed to small variations in
experimental conditions (e.g., heating and cooling rates) and
do not clearly indicate systematic differences in the extent of
cation exchange with different surface ligands.
The discrepancies between the In1−xGaxP QD alloy

compositions estimated by XRD and those measured by
elemental analysis can be explained by the impact of surface
chemistry on the nanocrystalline lattice and the effects of
heterogeneous cation exchange. Changes in the surface
coordination of small NCs can induce lattice strain,61−63

which impacts the position and broadening of XRD peaks.
Here, we observe small changes in the XRD peak positions of
ligand exchanged InP QDs before molten salt dispersal due to
differences in the QD surface chemistry (Table S1). Thus, the
measured XRD peak positions of the In1−xGaxP QDs are a
convolution of surface chemistry and lattice composition,
which may cause a wide variation in composition predicted by
XRD in contrast to the narrow range of compositions
measured by elemental analysis. The much higher gallium
incorporation indicated by elemental analysis that is not
reflected in the measured lattice constant suggests the
formation of a Ga-rich surface layer. The 3.8 nm diameter
QDs used in this study have approximately 30% of their atoms
at the surface. Thus, one can imagine that changes in the
composition of the outer surface layer can dramatically change
the QD composition with only a minor impact on the QD
interior. For example, if a monolayer of metal-rich InP
exchanges to GaP, the elemental composition could be up to
30% gallium, while the XRD pattern would show only minor
changes resulting primarily from the surface strain rather than

bulk lattice reorganization. Previous studies of ion exchange in
semiconductors suggest that ion exchange at the surface occurs
quickly while diffusion limits the rate of ion exchange in the
bulk.28 Self-diffusion of metal ions in InP and GaP is known to
be very slow at the temperature of our cation exchange
reaction,42,64 and though we can expect faster diffusion in a
nanocrystalline material,65,66 we still expect that diffusion into
the bulk is the slowest step in indium-to-gallium cation
exchange. Therefore, the discrepancy in the In1−xGaxP
compositions determined by elemental analysis and XRD
indicates that under our reaction conditions, we have not
formed an equilibrium solid solution but have rather formed a
kinetically trapped heterogeneous alloy. Given that In1−xGaxP
forms a solid solution in all compositions,67 we expect that
experimental conditions can be modified to achieve homoge-
nous In1−xGaxP QDs.

Impact of Surface Chemistry on Indium-To-Gallium
Cation Exchange: Optical Properties. In addition to the
influence of surface chemistry on the phase stability and extent
of cation exchange, we sought to understand its impact on the
optical properties of the resulting In1−xGaxP QDs. The
absorbance spectra for the In1−xGaxP QDs with different
surface chemistries look broadly similar. Each cation
exchanged sample shows a significant blue shift of the
absorbance onset due to the increased band gap of the alloy
and a decrease in the excitonic peak prominence (Figures 3d
and 4a). The poor resolution of the excitonic features can be
partially attributed to an increase in particle polydispersity.
Additional broadening likely results from the heterogeneity of
the In1−xGaxP alloy composition across individual particles of
the ensemble.
The PL spectra for In1−xGaxP QDs also show a pronounced

blue shift upon cation exchange, confirming the increased band
gap with gallium incorporation (Figures S1 and S9). After
recovery with OA/OAm, the In1−xGaxP QDs have weak PL
(<1% QY) with a band-edge peak at 560−580 nm and a very
broad red peak, which can be attributed to surface trap
emission (Figure S9).68 The PL efficiency is higher for
In1−xGaxP QDs recovered with (DDA)2S; however, we sought
to avoid surface restructuring by (NH4)2Sn in our recovery
process.31,43 Instead, we increased the QY of the OA/OAm
recovered In1−xGaxP QDs using air-free treatment with dilute
HF and visible light (Figure S10). Treatment of InP QDs with

Figure 4. (a) Solution absorbance spectra for In1−xGaxP QDs show a difference in the first exciton position with changes in initial surface
chemistry. QDs initially passivated by chalcogenides show a more pronounced blue shift upon cation exchange. (b) A similar difference in the peak
position based on initial surface chemistry is seen in the PL spectra of In1−xGaxP QDs treated with mild HF. (c) PLE spectra monitored at the
emission maximum for In1−xGaxP QDs with different initial surface chemistry show sharp features.
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dilute HF accompanied by light or heat is a well-established
practice for improving the PL QY through surface trap
passivation.17,49,68,69 We chose conditions for HF treatment
that increased the PL efficiency (up to ∼5% QY) without
significantly broadening or shifting the absorbance or emission
features of the In1−xGaxP QDs (Figure S11 and S12, see
Experimental Section). Harsher treatment with more con-
centrated HF and/or oxygen exposure increased the QY
further (up to 20% QY) but was accompanied by broadening
and blue shifting of the absorbance and emission features,
which have previously been attributed to QD oxidation and
etching (Figure S13).17,69 Notably, the PL for Li2Se-passivated
In1−xGaxP QDs was not improved by treatment with HF or
(DDA)2S. We attribute the poor PL efficiency of Li2Se-
passivated In1−xGaxP QDs to persistent surface traps, which are
well known for selenide-rich QD surfaces.70,71

After cation exchange and dilute HF treatment, the PL
spectra for In1−xGaxP QDs are 40−60 meV broader than that
of the initial InP QDs (Figures S1 and S11). The PL FWHM
for the as-synthesized InP QDs is 155 meV and increases to
195 meV for the chalcogenide-passivated In1−xGaxP QDs and
215 meV for the metal halide-passivated In1−xGaxP QDs. We
attribute the PL broadening to a combination of increased QD
polydispersity and inhomogeneity of In1−xGaxP composition
across individual QDs in the ensemble. Using PLE spectros-
copy, we can probe the absorbance of a homogenous subset of
In1−xGaxP QD emitters. For each of the ligand chemistries
studied, PLE spectra reveal that narrow emission bands
correspond to discrete In1−xGaxP QD populations with well-
defined excitonic features in their absorbance spectra (Figures
4c and S12). We, therefore, expect that narrow ensemble
emission spectra can be achieved for In1−xGaxP QDs by
optimizing the synthetic conditions to achieve improved
control over the particle polydispersity and the homogeneity
of cation exchange.
Following molten salt cation exchange, the chalcogenide and

metal halide-treated QDs show a systematic difference in their
band gaps which cannot be explained by the gallium content or
particle size. The absorbance and emission peaks for the
(DDA)2S, (NH4)2S, and Li2Se-treated In1−xGaxP QDs are
shifted 70−80 meV higher in energy than the peaks for GaCl3
and InCl3-treated In1−xGaxP QDs (Figures 4a,b and S9). This
blue shift could be rationalized by either the smaller size of the
chalcogenide-treated In1−xGaxP QDs, which would increase
the quantum confinement, or by more complete gallium
incorporation for the chalcogenide-treated In1−xGaxP QDs,
which would increase the band gap. However, fits to the SAXS
curves for the colloidal In1−xGaxP QDs show that the
chalcogenide-treated particles are equivalent in diameter to
the metal halide-treated particles (Table 2 and Figure S8), and
elemental analysis does not indicate a systematic difference in
the extent of gallium incorporation for chalcogenide and metal

halide-treated In1−xGaxP QDs (Figure 3e and Table 2). We
suggest that the observed difference in band gap for the
chalcogenide and metal halide-treated particles can be
attributed to the formation of a higher bandgap chalcoge-
nide-rich shell of (Ga/In)2S3 or (Ga/In)2Se3 on the surface of
the alloyed In1−xGaxP particles. The surface coordination could
impact the confining potential and consequently affect the
band energies of the In1−xGaxP particles without distorting the
size distribution as measured by SAXS. Elemental analysis
confirms that the chalcogenide-treated In1−xGaxP QDs retain
∼10 mol % chalcogen throughout the molten salt cation
exchange process (Table 2). Previous studies on InP QDs
showed that surface groups can impact the emission wave-
length and charge carrier lifetimes of these emitters.72,73

Further photophysical studies will be needed to thoroughly
understand the role of surface chemistry in the recombination
mechanism for In1−xGaxP QDs.

Discussion of the Cation Exchange Mechanism. To
design optimal synthetic conditions for this molten salt cation
exchange, we must first develop a more thorough under-
standing of the reaction mechanism. The indium-to-gallium
cation exchange proceeds through three distinct steps shown in
Scheme 1. Step 1 is the diffusion of Ga3+ from the salt matrix
to the InP QD surface. Here, we control this step by flooding
the reaction with an excess of Ga3+ (∼5:1 Ga/In molar ratio)
to ensure that the QD is surrounded by a high concentration of
Ga3+. Step 2 is the surface exchange of In3+ to Ga3+, which is
governed by the thermodynamics of the following reaction28,74

FInP Ga(Br, I) GaP In(Br, I)3 3+ +

For the indium-to-gallium cation exchange, the reaction
favors the creation of a GaP phase due to the higher
thermodynamic stability of GaP75 and the more favorable
solvation of In3+ than Ga3+ by the soft (according to Pearson’s
HSAB principle) anions in the salt melt. Step 3 is the diffusion
of Ga3+ into the lattice and the corresponding out-diffusion of
In3+. The self-diffusion of In3+ in InP and Ga3+ in GaP is likely
very slow at 400 °C; though we could not find reliable
diffusion data in this temperature range, extrapolation from
high temperature data suggests diffusion coefficients on the
order of 10−8 nm2/h64 and 10−14 nm2/h42 for InP and GaP,
respectively. Diffusion should be greatly accelerated in
nanocrystalline materials due to their high surface to volume
ratio and the possibility of lattice deformation around diffusing
species.65,66 Nonetheless, we expect that the cation diffusion
throughout the QD is the rate-limiting step of the cation
exchange.
In our previous work on the molten salt cation exchange of

III−V QDs, we controlled the extent of cation exchange by
modulation of the reaction temperature.23 For each synthesis, a
set amount of InP QDs and GaI3 was dispersed in a molten
bromide eutectic and heated at elevated temperatures (380−

Scheme 1. Illustration of the Steps of InP to In1−xGaxP Cation Exchange

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10394
J. Phys. Chem. C 2022, 126, 1564−1580

1573

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=sch1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


425 °C) for 1 h. Higher temperatures led to more complete
cation exchange as evidenced by a more pronounced blue shift
in the absorbance and emission spectra and a decrease in the
lattice constant. The highest gallium incorporation
(In0.22Ga0.78P) was achieved at 425 °C; however, these
reaction conditions also led to partial QD decomposition
and the In1−xGaxP QD yield was not quantitative. Here, we
seek to understand if under our reaction conditions, the cation
exchange reaction is thermodynamically controlled, where the
reaction temperature dictates an equilibrium In1−xGaxP
composition, or kinetically controlled, where the reaction
temperature controls the cation diffusion rate, and the resulting
composition is a result of both reaction temperature and
reaction time. Understanding and controlling these conditions
may allow us to extend our repertoire of cation exchange
products, for example, to higher gallium incorporation or
controlled heterostructures, while avoiding QD decomposition.
The dual roles of time and temperature in the indium-to-

gallium cation exchange were explored by conducting cation
exchange on a consistent set of InP QDs (3.8 nm InP, see
Experimental Section) at two temperatures for a series of time
points. The as-synthesized InP QDs were ligand-exchanged to
(DDA)2S and dispersed in molten bromide eutectic as
described above. This surface chemistry was chosen for its
ease of processing. A 5-fold molar excess of GaI3 was added to
the salt mixture, and cation exchange was conducted at a given
temperature (380 or 400 °C) for a set amount of time (1, 4, or
16 h). Following cation exchange, the molten salt matrix was
dissolved in warm formamide, and the QDs were redispersed
as a colloidal solution in hexane or toluene with (DDA)2S. For
the reactions conducted at 380 °C, the products were
quantitatively recovered as a colloidal solution in a nonpolar
solvent. However, the harsher reaction conditions at 400 °C
led to some QD decomposition and formation of a non-
colloidal product, which was negligible after 1 h of reaction but
whose formation increased with increasing reaction time.
Under these reaction conditions, the extent of indium-to-

gallium cation exchange increases as a function of both
reaction temperature and time. The absorbance and emission
spectra for In1−xGaxP QDs show an increasing blue shift with
longer reaction times (Figures 5a−d and S14 and S15). The
blue shift with increasing time is more pronounced for the
products obtained at higher temperatures, suggesting that the
cation exchange reaction is accelerated at elevated temper-
atures. This blue shift is accompanied by successive broadening
of the absorbance features, though the PL peak remains narrow
for all of the In1−xGaxP QD samples (48−50 nm FWHM). The
PLE spectra monitored at the PL maximum for each of the
In1−xGaxP QD samples show sharp excitonic features (Figures
S14d and S15d). This indicates that the absorbance of
individual emitters has not broadened significantly, and the
ensemble absorbance broadening observed for the In1−xGaxP
QDs is related to size or shape polydispersity of In1−xGaxP
QDs in the ensemble.
The observed blue shift with an increasing reaction time

could be attributed either to an increased band gap due to a
higher extent of indium-to-gallium cation exchange or to
increased quantum confinement due to QD etching in the
molten bromide matrix. To quantify the change in QD size, we
measured SAXS curves for solutions of the recovered
In1−xGaxP QDs. Fits to these SAXS curves reveal that the
size and size distribution of the In1−xGaxP QDs are equivalent
for each of the samples after cation exchange under different

reaction conditions (Table 3 and Figures S16 and S17),
confirming that the observed blue shift correlates to increased
gallium exchange. The In1−xGaxP QDs obtained using the
harshest reaction conditions (400 °C, 16 h) show a slight
decrease in the size and broadening of the size distribution;
these results in concert with the observed non-colloidal
product obtained in this synthesis suggest that the QD phase
becomes unstable under extreme conditions.
The extent of cation exchange following molten salt

annealing at 380 °C and 400 °C was quantified with both
PXRD and elemental analysis. The XRD patterns for each of
the In1−xGaxP samples show broad peaks indicative of a
nanocrystalline zinc blende phase which shift to higher angles

Figure 5. Progress of indium-to-gallium cation exchange reactions
depends on both time and temperature. (a,c) Absorbance and (b,d)
PL spectra for cation exchange reactions conducted at (a,b) 380 °C
and (c,d) 400 °C exhibit increasing blue shifts with increasing
reaction time and temperature, indicating increased gallium
incorporation. (e,f) This increased gallium incorporation is reflected
by the shift in XRD peaks to higher angles and an increase in Ga/In
by elemental analysis (ICP-OES).
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with increasing reaction time (Figure 5e). As described above,
we use Vegard’s law to estimate the In1−xGaxP QD
composition based on the XRD peak positions. In accord
with the observed optical blue shift, the In1−xGaxP QD
composition becomes more gallium-rich with increasing
reaction time and temperature (Figure 5e,f). Elemental analysis
by ICP-OES shows a similar trend in increasing gallium
incorporation with time and temperature; however, elemental
analysis suggests a higher extent of cation exchange than that
estimated from XRD. As discussed above, we ascribe this
discrepancy between the lattice constant and the elemental
composition to the formation of a gallium-rich QD surface.
The trends in gallium incorporation as a function of both

time and temperature provide insight into the indium-to-
gallium cation exchange reaction. At both 380 °C and 400 °C,
the gallium content dramatically increases at the 1 and 4 h time
points and then increases at a lower rate for the 16 h time
point (Figure 5f). These results suggest that the indium-to-
gallium cation exchange is under kinetic control at early times,
and the gallium content of the recovered In1−xGaxP QDs is
limited by ion diffusion throughout the lattice. The seeming
composition plateau reached at later times suggests that an
equilibrium composition can be achieved for long cation
exchange reactions. The more complete cation exchange
observed for the higher temperature reactions at each time
point indicates both faster cation exchange and an equilibrium
composition with more complete gallium exchange at higher
temperatures. These findings show that by controlling the
indium-to-gallium cation exchange temperature, we can tune
the equilibrium composition and by modifying the reaction
time, we can control the reaction progress toward this
equilibrium composition. These results should prove valuable
in designing reaction conditions to yield higher gallium
incorporation without decomposition, precise tuning of alloy
composition, and controlled formation of heterogeneous alloy
QDs with a graded composition.
Effect of Molten Salt Composition on the Indium-to-

Gallium Cation Exchange. By exploring other molten salt
media under carefully controlled conditions, we achieved
In1−xGaxP QDs with improved optical properties. The choice
of a molten salt reaction medium may impact the properties of
In1−xGaxP QDs, such as the In-to-Ga ratio, elements
distribution, and polydispersity. Additionally, since III−V
nanostructures are particularly susceptible to oxidation, it is
important to maintain a rigorously oxygen- and moisture-free
environment during the cation-exchange process.13,14,26 To
completely eliminate oxygen and/or moisture during NC
handling in the evaluation of different salt media, we used
anhydrous Li2S in dry formamide as the source of sulfide
ligands for (DDA)2S passivation before and after the annealing

step, as described in the Experimental Section. The cation
exchange reactions were performed in three eutectic halide
molten salts: a chloride mixture (CsCl, KCl, and LiCl in the
molar ratio 29.2 : 13.3: 57.5; melting point Tm = 265 °C); a
bromide mixture (CsBr, LiBr, and KBr in the molar ratio
25:56.1:18.9 with Tm = 236 °C), and an iodide mixture (KI
and LiI in the molar ratio 36.9 : 63.1 with Tm = 250 °C).47 In
all three cases, we used GaI3 as the source of Ga(III) because,
as shown below, iodide ions have a high affinity to the NC
surface and likely serve as surface ligands, thus maintaining a
similar NC surface structure in all three media.
The differences in the interaction between the halide salt

media and InP QDs can be qualitatively demonstrated in the
following simple experiment: 200 mg of the chloride, bromide,
and iodide eutectics was loaded into three glass vials, and 2 mL
of a 0.2 mg/mL solution of (DDA)2S passivated colloidal InP
QDs in toluene was layered atop the salt mixture in each vial,
thoroughly mixed, and allowed to settle. Next, the vials were
heated at 60 °C on a hot plate for 2 h, vortexed, and allowed to
settle. As seen from the photographs in Figure 6a, the iodide
salt has the highest affinity toward the InP particles, allowing it
to extract the particles directly from the toluene solution. The
hard and soft acids and bases (HSAB) classification can be
invoked to rationalize this trend. The In-rich InP QD surface
behaves as a soft Lewis acid35 and thus displays higher affinity
toward the softer Lewis bases such as iodide ions. We
hypothesize that the higher affinity of iodide ions to the QD
surface facilitates a more homogeneous dispersion of the InP
QDs in an iodide salt matrix as compared to the other halide
eutectics studied, leading to a more uniform cation exchange
across the QD ensemble.
The cation exchange reactions were performed on InP QDs

dispersed in the chloride, bromide, and iodide eutectics at 400
°C for different durations of time between 1 and 16 h. A direct
comparison of the absorbance spectra of In1−xGaxP QDs
recovered (using OA/OAm) after a 1 h reaction shows
differences in the sharpness of the excitonic transitions of the
In1−xGaxP QDs, with the sharpest first excitonic peak observed
for the reaction performed in the iodide medium and the
broadest spectra for the reactions performed in the chloride
molten salt (Figure 6b).
Next, we performed an in-depth comparison of the two best

performing systemsbromide and iodide eutectics, utilizing
the (DDA)2S recovery route. As shown in Figure 6c,e, the
UV−vis absorbance spectra exhibit a continuous blue shift of
the excitonic feature, indicative of a larger gallium composition
as a result of longer annealing. The (DDA)2S-passivated
In1−xGaxP QDs prepared in the iodide salt matrix showed
consistently narrower emission spectra compared to similar
samples synthesized in the bromide eutectic under otherwise
identical reaction conditions (Figure 6d,e). The smallest PL
FWHM of 41 nm (∼0.16 eV) was achieved for the 4 and 16 h
In1−xGaxP QD samples synthesized in the iodide eutectic.
We analyzed SAXS patterns of the QD solutions from Figure

6c−f (Figure S18) and found that the extracted parameters
quantifying the population distributions are very similar to
those in Table 3. There was no systematic difference in the size
distributions of In1−xGaxP QDs synthesized in the bromide and
iodide eutectics, ruling out the effect of size polydispersity as
the dominant contributor to the observed difference in PL
ensemble linewidths. The observed differences in the optical
spectra may be ascribed to a non-uniform distribution of Ga
among different In1−xGaxP QDs or to different Ga-to-In

Table 3. In1−xGaxP QD Diameters and Standard Deviations
Calculated from Fits to SAXS Patternsa

In1−xGaxP QD diameter (nm)
380 °C, 1 h 3.2 ± 0.5
380 °C, 4 h 3.3 ± 0.5
380 °C, 16 h 3.2 ± 0.5
400 °C, 1 h 3.2 ± 0.5
400 °C, 4 h 3.2 ± 0.5
400 °C, 16 h 3.1 ± 0.6

aThe temperature and reaction time for the cation exchange are
noted.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10394
J. Phys. Chem. C 2022, 126, 1564−1580

1575

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


distribution within the QDs reacted in the bromide versus
iodide eutectics. Notably, we observe no evidence of particles
ripening or sintering upon long-term annealing of the III-V
NCs in molten salts.
The PXRD patterns of colloidal In1−xGaxP QDs synthesized

in different salt matrices each showed peaks corresponding to a
nanocrystalline zinc blende phase (Figure S19). The
comparison of the extent of gallium incorporation estimated
from X-ray diffraction data using Vegard’s law, and the
elemental analysis data measured by ICP-OES revealed a
striking difference between In1−xGaxP QDs synthesized in the

bromide (Figure 5f) versus iodide eutectics (Figure 7a). In the
bromide medium, the elemental analysis consistently shows an
excess of Ga compared to XRD data, which was interpreted as
evidence for the formation of a Ga-rich shell and Ga-poor
interior. For In1−xGaxP QDs prepared in the iodide eutectic,
the difference between the estimated compositions measured
by the two methods is systematically smaller compared to the
bromide case. Remarkably, this disagreement between
elemental analysis and the measured lattice constant decreased
with time, disappearing in the samples annealed at 400 °C for
16 h. We interpret this observation as evidence for more

Figure 6. (a) Photographs showing that the affinity of the eutectic salt mixtures toward the (DDA)2S passivated InP NCs changes in the order I− >
Br− > Cl−. (b) Comparison of the absorbance spectra of In1−xGaxP QD samples synthesized in the chloride, bromide, and iodide eutectic molten
salt reaction media utilizing the OA/OAm recovery route. The excitonic features were fitted to a Gaussian to yield the HWHM values quantifying
broadening. (c,e) Absorbance and (d,f) PL spectra characterizing the In1−xGaxP QD samples synthesized under rigorously oxygen- and moisture-
free conditions in the (c,d) bromide and (e,f) iodide eutectic molten salt reaction media following the (DDA)2S recovery route. The corresponding
emission spectra consistently exhibit narrower emission linewidth for cation exchange reactions in the iodide eutectic as compared to the bromide
eutectic.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10394
J. Phys. Chem. C 2022, 126, 1564−1580

1576

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10394/suppl_file/jp1c10394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10394?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


uniform distribution of Ga within individual In1−xGaxP QDs
when synthesized in an iodide medium, as schematically shown
in Figure 7b. The small size of the In1−xGaxP QDs makes it
difficult to estimate the elemental distribution within individual
QDs by electron microscopy (Figure S20).
Since we used GaI3 as the Ga(III) source in both cases, the

difference in the molten salt compositions likely results in
different solvation energies for Ga(III) and In(III) ions,
without significantly perturbing other reaction parameters. We
propose that the softer iodide salt is a more stabilizing solvent
for In3+ ions and can help generate a higher equilibrium
concentration of In-vacancies at an early stage of the cation
exchange reaction. These vacancies are expected to promote
the diffusion of Ga(III) deep into the InP QDs rather than
forming a thin Ga-rich shell.
XPS measurements of In1−xGaxP QDs provide an additional

insight into the differences between QDs synthesized in
bromide and iodide salts. XPS studies were carried out on the
initial InP QDs and In1−xGaxP QDs obtained after a 1 h cation
exchange reaction in either bromide or iodide eutectic. The
peaks observed in the survey spectra are assigned to the
photoelectron and Auger lines from expected elements in the

material (Figure S21a−c). High-resolution XPS spectra
recorded for the In 3d and Ga 2p3/2 regions indicate the
presence of In(III) and Ga(III) species exclusively and no
evidence of reduced metallic species (Figures S21d and 7c).
Figure 7c compares the Ga 2p3/2 core levels of In1−xGaxP QDs
synthesized in the bromide and iodide eutectics, and Figure 7d
shows a similar comparison for the P 2p region, including data
for the initial (DDA)2S-capped InP QDs. In both cases, the
In1−xGaxP QDs synthesized in the iodide salt showed narrower
peaks, which we ascribe to more homogeneous local
coordination for the Ga and P atoms. These results support
our hypothesis that the In1−xGaxP QDs synthesized in the
iodide medium have a more uniform alloy composition
throughout the QD than In1−xGaxP QDs synthesized in the
bromide medium (Figure 7b). The alloyed In1−xGaxP particles
synthesized in an iodide medium are thus expected to have a
more uniform gallium composition, and we expect that this
more uniform composition yields the narrower ensemble
emission spectra observed in these materials (Figure 6f).
A convolution of the 2p3/2 and 2p1/2 peaks at ∼128.1−128.8

eV binding energies recorded in the P 2p region has been
attributed to the predominant presence of a metal phosphide

Figure 7. (a) Evolution of gallium composition in In1−xGaxP QDs synthesized in the iodide eutectic over 1−16 h of annealing duration, as
measured through XRD and ICP-OES elemental analysis. (b) A schematic indicating a more uniform gallium distribution achieved through the
iodide synthesis, compared to the bromide synthesis. High-resolution XPS spectra of (c) the Ga 2p3/2 core level and (d) the P 2p core level of
In1−xGaxP QDs synthesized in the bromide and iodide eutectics. The XPS peaks are narrower for the iodide synthesis, indicating the presence of a
more uniform local coordination environment for both elements.
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(P3−) species in each sample.76 Further, we noted the absence
of any obvious signatures of oxidized phosphorous species at a
higher binding energy (132−133 eV). Previous studies have
related the presence of oxidized phosphorous species on the
InP nanoparticle surface to the broadening of the emission
spectra.74,75 The signal corresponding to the O 1s peak was
very weak and corroborates this observation. XPS studies
indicate that performing cation exchange reactions in halide
molten salts enabled efficient protection of the nanocrystalline
III−V phases from surface oxidation. The alkali halide molten
salts not only show extraordinary temperature stability but can
also efficiently prevent oxidation of III−V NCs.

■ CONCLUSIONS

We have shown that molten salt indium-to-gallium cation
exchange is a dynamic system where the reaction can be tuned
by changing several variables. The surface chemistry of the
initial particles can be optimized to promote strong
interactions with the salt matrix, enhancing colloidal stability,
while the chemical composition of the surface can be chosen to
stabilize the nanocrystalline phase. InP QDs can be well
dispersed in a molten bromide eutectic with chalcogenide or
metal halide ligands. We have shown that surface ligands play a
role in the molten salt dispersal of InP QDs and impact further
chemical reactions in this molten salt matrix. The surface
chemistry for molten salt dispersal can likely be extended to
other classes of inorganic ligands including halides and
pseudohalides,39 pnictides,76 and chalcogenidometallates38 as
well as ligand-stripped particles.37 We demonstrated that
chalcogenide capping ligands form a chalcogen-rich shell which
protects the InP QD phase at an elevated temperature. Future
work will explore the optimization of surface ligands to achieve
enhanced particle stability and improved fluorescence.
Time-dependent cation exchange experiments have shown

that the reactions are kinetically limited under our
experimental conditions. Expanding this cation exchange to
further extremes of temperature and time may allow for the
controlled synthesis of new In1−xGaxP QD compositions.
Overall, the InP to In1−xGaxP cation exchange results achieved
for InP QDs with a variety of initial surface chemistries prove
the generality of the molten salt indium-to-gallium cation
exchange synthetic method. By performing experiments
spanning a vast swathe of the parameter space, we have
made great strides toward achieving a narrow emission
linewidth from a synthesis of alloyed III−V colloidal
nanoparticles. We expect that the insights gained in this
work may be used to demonstrate molten salt cation exchange
with other III−V QDs (e.g., InAs, InSb), cation exchange with
other ions (e.g. Al3+), and new synthetic manipulations of III−
V QDs in molten salts (e.g. III−V core−shell synthesis). With
our detailed experimentation and careful observations, we hope
to contribute to the community’s understanding of performing
cation exchange reactions in colloidal III-V nanoparticles in
molten inorganic salts. Equipped with the knowledge gained
through our attempts at optimizing the alloyed core synthesis,
we will be able to improve the optical performance of this
system in the future.
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