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ABSTRACT: Colloidal semiconductor nanocrystals are an important class of
materials which have many desirable optoelectronic properties. In their bulk phases,
gallium- and aluminum-containing III−V materials such as GaAs, GaP, and
Al1−xGaxAs represent some of the most technologically important semiconductors.
However, their colloidal synthesis by traditional methods is difficult due to the high
temperatures needed to crystallize these highly covalent materials and the extreme
reactivity of Ga- and Al- precursors toward organic solvents at such high
temperatures. A recently developed paradigm shift in the synthesis of these
materials is to use molten inorganic salts as solvents to prepare Ga- containing III−
V colloidal nanocrystals by cation exchange of the corresponding indium pnictide (InPn) colloidal nanocrystals. There have
been several successful applications of molten salt solvents to prepare III-phosphide colloidal nanocrystals. However, little is
known about the nature of these reaction environments at the relevant reaction conditions and synthesis of III-arsenide
colloidal nanocrystals remains challenging. Herein we report a detailed study on cation exchange of InPn nanocrystals using
nominally Lewis basic molten salt solvents with added gallium halides. Surprisingly, these salt systems phase separate into two
immiscible phases, and the nanocrystals preferentially segregate to one of the phases. Using a suite of in situ spectroscopy
tools, we identify the phase the nanocrystals segregate to as Lewis neutral alkali tetrahalogallate molten salts. We apply in situ
high-temperature Raman spectroscopy to identify the chemical species present in several molten salt compositions at
experimentally relevant reaction conditions to elucidate a molecular basis for the reactivity observed. We then employ Lewis
neutral KGaI4 molten salts to prepare high-quality In1−xGaxAs and In1−xGaxP nanocrystals and demonstrate that deviation
from Lewis neutral conditions accelerate nanocrystal decomposition in the case of III-arsenide materials. Further, we expand
to KAlI4-based molten salts to prepare In1−x−yGaxAlyAs nanocrystals which represent an example of solution-synthesized
quaternary III−V nanocrystals. These insights provide a molecular basis for the rational development of molten salt solvents,
thus allowing the preparation of a diverse array of multicomponent III−V colloidal nanocrystals.
KEYWORDS: Colloidal Nanocrystals, Molten Salt, Cation Exchange, Alloy Nanocrystals, III−V Nanocrystals

Colloidal synthesis is a powerful methodology to
prepare diverse materials as small (1−100 nm)
crystallites which can be solution processed and

integrated in various devices.1 Many key materials classes
including technologically important metals,2 metal oxides,3

metal halides,4 metal chalcogenides,5 and metal pnictides6 can
be synthesized as nanocrystals with exquisite control over size,7

shape,8 and phase, etc. Nanocrystals made of semiconducting
materials are particularly intriguing for optoelectronic
applications because they provide size-tunable electronic
structures that can be exploited for a variety of practical
applications, such as color converters for display applications
and active materials for IR detectors.9

Early approaches to prepare colloidal semiconductor nano-
crystals (e.g., CdS, CdSe, etc.) were based on reactions inside
reverse micelles where aqueous alkali chalcogenides were
reacted with aqueous metal salts to produce size-controlled
colloids.10 These methods were limited by the low growth
temperatures resulting in poorly crystalline semiconductors
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which contained many optically active defects and concom-
itantly low luminescence efficiency. Many of these limitations
were overcome by the development of high-temperature
organometallic synthesis routes for semiconductor nanocryst-
als.7 Through an appropriate selection of reagents and high-
boiling organic solvents, high-quality colloidal nanocrystals
made of II−VI, IV−VI, and indium-V materials have been
successfully synthesized.11−13 For some classes of these
materials, prodigious examples have achieved photolumines-
cence quantum yields (PL QY) indistinguishable from
unity,14,15 indicating that the materials produced are nearly
free of deleterious defects. In general, for colloidal quantum
dots, especially of the III−V semiconductors, higher growth
temperatures lead to improved optoelectronic performance.
Many state-of-the-art syntheses for II−VI and III−V materials
operate above 300 °C and near the decomposition temperature
of the solvents.16 For some key materials, such as highly
covalent GaAs, traditional organometallic synthesis routes have
not yet achieved nanocrystals with band edge PL,17−19

indicating that temperatures achievable with high-boiling
organic solvents are insufficient to synthesize defect-free
crystals.
One possible paradigm shift is to use a molten inorganic salt

as a “solvent” (or “flux” in the solid-state chemistry vernacular)
for colloidal synthesis since they have higher thermal, chemical,
and electrochemical stability than their organic counter-
parts.20,21 Recent demonstration of stable nanocrystal colloids
in molten salts presents many opportunities for synthesis and
transformation of colloidal materials.22 Indeed, initial studies
using molten salt solvents for chemical transformation of
colloidal nanocrystals enabled reactions which had thus far not
been possible with traditional organic solvents. For example,
InP and InAs nanocrystals were transformed into their
respective ternary alloys, In1−xGaxP and In1−xGaxAs by
annealing the nanocrystals in a molten mixture of a low
melting CsBr/KBr/LiBr eutectic and gallium iodide at
temperatures from 380 to 500 °C.23,24 In these reactions, the
nanocrystals are stripped of their native organic ligands and are
replaced with all inorganic ligands including III-halide salts,
chalcogenide ligands or “bare” surfaces. Next, they are
dispersed in the molten salt reaction medium and annealed
at high temperature. To isolate the nanocrystals, the solidified
salt matrix is dissolved in an appropriate solvent (formamide,
acetonitrile, etc.) and the nanocrystals which are insoluble in
the solvent, are recovered by centrifugation. Finally, the
nanocrystals are made colloidal in organic solvents by addition
of appropriate surface ligands (e.g., oleylamine, oleic acid, etc.)
to regain colloidal stability. Importantly this methodology
resulted in highly luminescent In1−xGaxP/ZnS and
In1−xGaxAs/CdS nanocrystals demonstrating that molten salt
derived colloidal nanocrystals have high crystal quality.
Importantly, molten salt solvents are thus far the only route
which has resulted in highly emissive Ga-containing III−V
nanocrystals over a wide composition range.25,26 Given the
potential to prepare high-quality materials, it is imperative to
better understand these unconventional reaction environments
to enable rational design of molten salt derived colloidal
materials.
Here we reevaluate the molten salt environments we

previously developed for molten salt mediated cation exchange
of III−V colloidal nanocrystals. We use in situ spectroscopy to
identify KGaI4 as the key chemical species which is active for
gallium cation exchange in III−V nanocrystals. Next, we

demonstrate KGaI4 engenders chemical stability of InAs and
InP nanocrystals at high temperatures and show that deviation
from the KGaI4 composition leads to accelerated decom-
position of III−V colloidal nanocrystals. We develop a
relationship between the chemical species present in the salts
at the reaction temperatures by performing in situ Raman
spectroscopy and determine that the tetraiodogallate species
remain well-defined even at elevated temperatures. Finally,
based on the insights from the gallium halide molten salt
solvents, we engineer aluminum halide molten salts which
enable chemical stability of III−V nanocrystals in these reactive
salts and demonstrate quaternary III−V phases including
colloidal In1−x−yGaxAlyAs nanocrystals.

RESULTS AND DISCUSSION
Molten Salt Chemistry Relevant to III−V Cation

Exchange Reactions. Molten salts can be classified based
on the Lewis acidity of the salt melt. Lewis basic salts (Scheme
1A) contain ions which are electron donors and the alkali

halide eutectics are common examples. We have previously
shown that the strong coordination of the halides to the
nanocrystal surfaces in these salts are key to ensuring colloidal
stability.27 Lewis acidic salts (Scheme 1B) contain molecules
and ions which are electron acceptors and examples include
GaI3/KI [65:35 mol %] eutectic mixtures. In the molten state,
Lewis acidic salt mixtures contain a complex mixture of
different species including MX3, M2X6, [M2X7]−, [MX4]− (M =
Al, Ga, In; X = Cl, Br, I) depending on the composition and
stoichiometry. Nanocrystals in Lewis acidic molten salts also
display good colloidal stability owing to the strong interaction
between the nanocrystal surface and the Lewis acidic species
acting as Z-type ligands.27 Reaction of equimolar amounts of
Lewis acidic species and Lewis basic species according to the
general reaction AX+MX3→ AMX4 results in Lewis neutral
molten salts which have a molecular structure distinct from
their parent compounds (Scheme 1C). Importantly these salts
do not contain any strongly coordinating ions or molecular
species. Without strongly coordinating ions, nanocrystals in
Lewis neutral molten salts show reduced colloidal stability

Scheme 1. Overview of Molten Salt Classes. (A) Lewis Basic
Molten Salts Contain Ions Which Are Electron Donors
(e.g., Cl−) and Typical Alkali Halide Eutectic Molten Salts
Are Key Solvents in the Category. (B) Lewis Acidic Molten
Salts Contain Species Which Are Strong Electron Acceptors
(e.g., AlCl3, [Al2Cl7]−). (C) Lewis Neutral Molten Salts
Result from the Reaction of a Lewis Basic Component with
a Lewis Acidic Componenta

aLewis neutral salts do not contain any strongly coordinating species.
In this work, we will focus on using KI/LiI [37:63 mol %] and CsBr/
KBr/LiBr [25:56:19 mol %] as Lewis basic salts, GaI3/KI [65:35 mol
%] as a Lewis acidic molten salt, and KGaI4 and KAlI4 as Lewis
neutral molten salts.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c09490
ACS Nano XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=sch1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c09490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compared to acidic and basic compositions. Importantly, the
degree of Lewis acidity can be continuously tuned in molten
salts, which in turn changes the species present and their
relative concentrations. With this incredible tunability, molten
salts have the potential to enable precision synthesis of
colloidal nanomaterials.
Dispersion of Colloidal Nanocrystals in Gallium

Halide Containing Molten Salts. The initial molten salt
colloidal nanocrystal cation exchange reactions utilized a low
melting Lewis basic alkali halide eutectic mixture (e.g., CsBr/
KBr/LiBr or KI/LiI) to disperse the nanocrystals as stable
colloids in the molten salts. In the pure alkali halide molten
salts, we observe highly stable colloids of InP and InAs NCs
with all-inorganic surface terminations such as GaI3

28 or
Li2Se

29 when the salts are melted. This observation is
consistent with the principles of colloidal stability in the
molten salt solvents we previously identified where Lewis basic
molten salts provide colloidal stability to many nanocrystal
compositions.27 For cation exchange, a gallium source is added
in the form of gallium iodide to the nanocrystals dispersed in
the alkali halide eutectic. Here the initial notion of this reaction
environment was that the alkali halide molten salt simply

provided universal cosolubility to the nanocrystals and gallium
source. Based on the above discussion of Lewis acid−base
chemistry of molten salts, we infer that the GaI3 will convert to
an alkali tetrahalogallate species consuming 1 equiv of AX from
the Lewis basic eutectic. We empirically found that a large
excess of GaI3 was needed for the reactions to work, and
addition of stoichiometric equivalents of gallium halide relative
to the number of indiums present in the nanocrystals were
unsuccessful. Further, we empirically observed degraded
colloidal stability of the nanocrystals upon addition of the
gallium iodide to the colloidal solution of InAs or InP
nanocrystals in the alkali halide molten salt. Despite the
apparently degraded colloidal stability, these reaction environ-
ments enabled the synthesis of high-quality In1−xGaxP colloidal
nanocrystals which show strong band-edge PL once a ZnS shell
is deposited to passivate surface traps. These observations
demonstrate the potential of molten salt solvents for colloidal
synthesis; however, a precise understanding of the molten salt
reaction environment remains elusive.
To better understand the colloidal stability of nanocrystals in

GaI3 containing alkali halide eutectic salts, we prepared large-
scale mixtures of finely coground alkali halide eutectic salt,

Figure 1. Photographs of a homogeneous mixture of finely ground (A) CsBr/KBr/LiBr eutectic salt (1 g), GaI3 (500 mg), and InAs
nanocrystals capped with GaI3 (∼50 mg) before melting (left) and after melting (right), (B) CsBr/KBr/LiBr eutectic salt (1g), GaI3 (500
mg), and InAs nanocrystals capped with Se surface ligands (∼50 mg) before melting (left) and after melting (right), and (C) KI/LiI eutectic
salt (1 g), GaI3 (500 mg), and InAs nanocrystals capped with GaI3 surface ligands (∼50 mg) before melting (left) and after melting (right).
In situ UV−vis absorption spectra from the lower phase (see inset photo) compared to appropriate reference compounds for (D) GaI3 added
to the CsBr/KBr/LiBr eutectic and (E) GaI3 added to the KI/LiI eutectic. The absorption spectra are not normalized in any way. (F, G)
Room temperature Raman spectra of the lower salt phase compared with Raman spectra for the appropriate reference compounds for (F)
GaI3 added to the CsBr/KBr/LiBr eutectic and (G) GaI3 added to the KI/LiI eutectic. Line colors are the same in panels D and F and in E
and G.
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GaI3, and InAs nanocrystals, flame-sealed them under vacuum
in quartz ampules and observed their behavior upon melting.
The salt composition was identical to that used in our previous
work, but the scale was increased (total mass = 1.5 g) to better
observe the system behavior. We begin with InAs NCs capped
with GaI3 ligands (Figure 1A) which are dispersed in a mixture
of CsBr/KBr/LiBr and GaI3 (Figure 1A). We observe that
upon melting, the system phase segregates into a nearly
colorless top phase and a darkly colored lower phase (some
NCs stick to the wall of the ampule however closer
examination shows the upper liquid phase is colorless). We
elucidate that this salt composition is not a uniform system,
and the InAs nanocrystals preferentially dissolve in the lower
phase. This observation also holds for InAs capped with
selenide ligands (Figure 1B), indicating generality with respect
to nanocrystal surface chemistry. Further we observe the same
behavior for a KI/LiI eutectic with added GaI3 and InAs
nanocrystals capped with GaI3 ligands (Figure 1C), indicating
the halide identity does not qualitatively change the
observation. We further observe identical behavior for InP
nanocrystals and Pt nanocrystals (Figure S1) across a variety of
salt compositions and surface chemistries, suggesting this
behavior is endemic to these salt systems.
Spectroscopic Evaluation of Phase Separated Molten

Salt Solvents. With the observation that colloidal nanocryst-
als segregate to one phase in molten mixtures of either GaI3
and the CsBr/KBr/LiBr eutectic, or mixtures of GaI3 and the
KI/LiI eutectic, we aim to elucidate the chemical identity of
this phase since it is likely crucial for the mechanistic
understanding of colloidal chemistry in molten salts. We use
a combination of in situ high-temperature UV−vis absorption
spectroscopy and Raman spectroscopy to unambiguously
identify the gallium halide moieties present in the molten
salt phases observed. Raman spectroscopy enables us to
precisely determine the chemical structure of the polyatomic
gallium halide molecules and ions present in the salts, and
UV−vis spectroscopy enables us to determine the relative
concentrations of different species present. Compared with
other analytical tools these two techniques together provide a
wealth of insight and are relatively easy to implement for high-
temperature in situ measurements. Other techniques to probe
molten salt systems such as high-temperature NMR is limited
by imprecise chemical specificity and difficult implementation
at the temperatures relevant to this work. High temperature IR
spectroscopy is limited by the overlap of the blackbody
background with signal from the low frequency vibrational
modes of interest.
We begin by preparing ampules with identical salt

compositions as noted in Figure 1A−C without added
nanocrystals. Indeed, we observe phase separation of the salt
phases (Figure 1D−E, inset) without added nanocrystals and
the phase separated layers adopt distinct colors. Extensive
mixing, stirring, shaking, or heating (>550 °C) of the phase
separated phases did not lead to homogenization. We use UV−
vis absorption spectroscopy to quantitively compare the
observed color changes in our mixed phase systems with
directly synthesized KGaIxBr4−x (x = 0−4) since this is a
potential product due to the Lewis acid−base reaction between
ABr (A = Li, K, Cs) species and GaI3. Due to the well-defined
molecular structure of [GaX4]− species, the cation will have
secondary effects on observed visible absorption spectra and
Raman spectra compared to the halide identity. Later we will
discuss how the alkali metal cations partition in these phase-

separated systems. In Figure 1D, we compare the UV−vis
absorption spectrum of the molten lower phase at 450 °C
resulting from the phase separated mixture of GaI3 and the
CsBr/KBr/LiBr eutectic (black trace) with absorption spectra
from mixed halide potassium tetrahalogallate KGaIxBr4−x (x =
0−4) salts which are the likely product of the Lewis acid−base
reaction between GaI3 and CsBr/KBr/LiBr. For the mixed
phase KGaIxBr4−x (x = 0−4), we observe a monotonic redshift
of the absorption onset as x increases from 0 to 4. The
absorption onset of the lower phase (black curve) corresponds
well with the absorption onset for KGaBr2I2 suggesting that the
lower phase consists of a mixed halide tetrahalogallate molten
salt with x ∼ 2.
We use room temperature Raman spectroscopy to better

understand the structure and composition of the lower salt
phase in the GaI3 plus CsBr/KBr/LiBr mixture. The black
trace in Figure 1F corresponds to the room temperature
Raman spectrum from the solidified lower salt phase. We
compare these to the directly synthesized KGaBr4−xIx (x = 0−
4) salts (violet to green traces). The two parent compounds,
KGaBr4 and KGaI4 show a single strong peak at ∼210 and
∼145 cm−1 which correspond well with symmetric Ga-X
stretch modes (v1) for X = Br and X = I respectively.30 For the
mixed halide KGaX4 salts, we observe several additional Raman
peaks appear. Two of the peaks match with parent KGaBr4 and
KGaI4 respectively. An additional 3 strong peaks appear as a
series at frequencies higher than the [GaI4]− peak at ∼145
cm−1. These correspond to the Ga−I symmetric stretching
from [GaI3Br]−, [GaI2Br2]−, and [GaIBr3]− respectively. A
similar series of 3 additional peaks arise at frequencies higher
than the [GaBr4]− peak which correspond to the Ga−Br
symmetric stretching from [GaIBr3]−, [GaI2Br2]−, and
[GaI3Br]−, respectively. The Raman peak series observed
here is analogous to the previously studied [GaBrxCl4−x]−

system, where the identity of the species was confirmed by Ga
NMR.31 Together, the high-temperature UV−vis and Raman
spectroscopy suggest that the lower phase which the
nanocrystals phase separate to in the mixture of GaI3 and
the CsBr/KBr/LiBr eutectic, consists of Lewis neutral mixed
tetra bromo-iodo-gallate species (Scheme 2A).
Next, we turn our attention to the phase separated system

consisting of GaI3 added to the KI/LiI eutectic. The high-
temperature UV−vis spectra of the lower phase of the phase
separated mixture (Figure 1E black curve) overlaps with
directly synthesized KGaI4, suggesting that the lower phase
consists of pure KGaI4. In addition, adding excess I− in the
form of KI does not change the absorption spectrum,
suggesting that excess I− does not change the speciation of
KGaI4. Room temperature Raman spectra of the above 3
samples (Figure 1G) show nearly identical spectra with a very
strong peak at ∼145 cm−1 which corresponds to the symmetric
Ga−I stretch (v1) and two weaker peaks at 77 and 58 cm−1

which correspond to the asymmetric bend (v4) and symmetric
bend (v2) for a tetrahedral molecule. These peaks are
consistent with previous literature results.32 The Raman
spectra thus strongly suggest that the lower phase of the
molten salt mixture consists exclusively of [GaI4]− species. In
addition, the near perfect overlap of the absorption spectra of
KGaI4 and the lower phase of the GaI3 plus KI/LiI suggest that
the lower phase consists entirely of [GaI4]− since any dilution
would lead to a decreased absorbance. Scheme 2B shows our
current understanding of the KI/LiI + GaI3 reaction mixture.
We note that a similar phase separation is observed for GaBr3
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added to the CsBr/KBr/LiBr eutectic, indicating the halide
identity is not responsible for the phase separation (Figure S2).
Phase separation is observed in all cases where excess Lewis
basic CsBr/KBr/LiBr is combined with InBr3 or AlBr3 (Figure
S3A) and in cases where KI/LiI is combined with InI3, or AlI3
(Figure S3B). Based on these observations, it appears that a
phase separation existed in our previously developed reaction
conditions where we used excess Lewis basic components,23,24

and the true reactive phases for molten salt mediated cation
exchange were actually the Lewis neutral tetrahalogallate
phases.
The prevalence of this phase separation across all gallium

halide/alkali halide eutectic compositions suggests that halide
identity is not responsible for these observations. Previous
literature on the LiCl/KCl/AlCl3 ternary phase diagram shows
similar phase separations when there is an excess of LiCl and
KCl relative to AlCl3.

33 It was suggested that the small size of
the Li+ cations relative to [AlCl4]− anions drives the system to
preferentially phase separate into a KAlCl4 phase and a LiCl/
KCl phase, rather than form a homogeneous solution.33

Similarly here, Li+ is much smaller than the tetrahalogallate
species, and thus, a similar driving force exists for phase
separation. Another way to frame these observations is using
hard soft acid base principles (HSAB), which were not well-
established at the time of publication for ref 33. The Pearson
Absolute Hardness (η) of Li+ is 35.1 eV compared to 13.6 eV
for K+ and 10.6 eV for Cs+.34 Among Lewis bases, I− has a very
low hardness, η ∼ 3.7 eV. [GaI4]− ion can be even softer than
I−, which indirectly follows from strong visible absorption of
KGaI4 (Figure 1E). According to the definition of Pearson

Absolute Hardness, I A
2 2

LUMO HOMO= where I and A are
the ionization potential and electron affinity of any chemical
system.35 The visible absorption of [GaI4]− implies that the
HOMO−LUMO gap of [GaI4]− is smaller than that of nearly
colorless iodide molten salts. Correspondingly, εLUMO−εHOMO
and η of [GaI4]− ions is smaller than that of iodide ions.
[GaI4]− ion is much softer than Li+ explaining the driving force
for [GaI4]− preferentially interacting with K+ compared to Li+.
In support of this, high-resolution Raman shows slightly
different frequencies for the symmetric Ga−I stretch from
directly synthesized solid LiGaI4 compared to KGaI4 (Figure
S4) enabling us to probe the counterion present in the lower
phase. The Ga−I symmetric stretching frequency of the lower
phase from a mixture of GaI3 and the KI/LiI eutectic, matches
well with pure KGaI4 suggesting that potassium is primarily
segregating to the lower phase (Figure S4). In addition, we
observe that the upper phase solidifies at temperatures higher
than the eutectic KI/LiI melting point suggesting the
stoichiometry of the upper alkali halide eutectic has been
altered, consistent with preferential segregation of the
potassium to the lower phase. Altogether, the presence of Li+
containing salts in the low melting Lewis basic alkali halide
eutectics used in our past reactions for gallium-based cation
exchange universally led to phase separation of a AMX4 species
which the nanocrystals preferentially segregate to.

Synthesis of Colloidal In1−xGaxP and In1−xGaxAs
Nanocrystals Using Lewis Neutral KGaI4 Molten Salts.
Having identified KGaI4 as the likely salt phase which the
nanocrystals segregate to during molten salt annealing, we now
use it directly to perform molten salt cation exchange reactions.
We directly synthesize KGaI4 by comelting high-purity KI and
GaI3 in a quartz ampule, recovering it in an inert atmosphere
glovebox, and grinding it into a coarse powder for use during
cation exchange reactions. To perform a cation exchange
reaction, the native organic ligands on colloidal InAs or InP
nanocrystals are replaced with gallium iodide ligands via a
biphasic ligand exchange. Here the nanocrystals with their
native organic ligands in n-hexane (∼10 mL) are layered atop 5
mL of a 0.05 M solution of GaI3 in anhydrous DMF and stirred
until complete phase transfer of the nanocrystals to the DMF
phase.26 Inorganic ligand exchange is critical to remove all
surface bound organic species which can decompose in the
molten salts and deleteriously contaminate the molten salt
reaction mixtures. Next the GaI3 capped InAs or InP
nanocrystals are washed with acetonitrile to remove excess
gallium iodide ligand, and dried as a powder in a glovebox. The
dried nanocrystal powder is incorporated into finely ground
KGaI4 in a mortar and pestle. The salt/nanocrystal mixture is
loaded into an oven-dried (100 °C) quartz ampule, sealed
under vacuum using an oxyhydrogen flame, and annealed at
the desired temperature. We note that throughout this work
we used flame-sealed quartz ampules since this provides a
reliable and clean reaction environment. However, other more
readily accessible reaction environments could be envisioned
including using crucibles inside an inert gas tube furnace or
open quartz tubes in a heating block or a muffle furnace inside
an inert atmosphere glovebox. To recover the nanocrystals, the
ampule is broken open in a nitrogen glovebox, the salt matrix
dissolved using acetonitrile and the nanocrystals recovered as
an insoluble powder by centrifugation. Finally, the nanocrystals
were treated with a toluene solution of oleylamine to obtain a
colloidal solution.

Scheme 2. Schematic Depiction of the Outcome of Melting
(A) CsBr/KBr/LiBr with Added Nanocrystals and Gallium
Iodide and (B) KI/LiI with Added Nanocrystals and
Gallium Iodide as Elucidated by the Spectroscopic Studies
in This Worka

aThe ground powder of salt plus nanocrystals typically has a brown
color before melting and a low density (large volume) due to empty
space between powder particles (left). Upon melting (right), the
density increases (volume decrease), and the phase separation
becomes apparent due to the formation of two distinct layers. The
black lower phase is indictive of colloidal InAs nanocrystals in a
molten salt, and the lightly colored upper phase indicates no
nanocrystals are present in that phase.
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In Figure 2, we show the results of several different colloidal
III−V nanocrystals treated in molten KGaI4 at 400 °C for 30
min. In Figure 2 column A, TEM images of initial III−V
nanocrystals including (i) sphere-shaped InP nanocrystals, (ii)
tetrahedron-shaped InP nanocrystals, (iii) sphere-shaped InAs
nanocrystals, and (iv) tetrahedron-shaped InAs nanocrystals
show well-separated individual nanocrystals typical of colloidal
nanocrystals. Photos in Figure 2B show ampules of the molten
salt/nanocrystal mixture at T∼400 °C immediately after

removal from the furnace. The ampule has been rotated to
reveal nanocrystal powders which have settled to the bottom of
the ampule. This indicates either that the nanocrystals have
imperfect colloidal stability in the KGaI4 molten salt at
elevated temperatures or the nanocrystal solubility in the
molten KGaI4 is lower than in other salt mixtures. Lowered
colloidal stability in KGaI4 would be consistent with the
established molten salt colloidal stability principles, where
Lewis neutral salt mixtures do not give long-term colloidal

Figure 2. (A) TEM images of initial starting materials of (i) sphere-shaped InP nanocrystals, (ii) tetrahedron-shaped InP nanocrystals, (iii)
sphere-shaped InAs nanocrystals, and (iv) tetrahedron-shaped InAs nanocrystals. (B) Photographs of a carefully tilted ampule showing
material which has settled out of the molten salt phase and corresponding TEM images of the recovered nanocrystals. (C) Powder XRD
patterns of the initial InP(As) nanocrystals and their corresponding In1−xGaxP(As) materials with inset photographs of colloidal solutions of
the recovered nanocrystals.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c09490
ACS Nano XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c09490?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c09490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


stability.22 The other possibility of limited solubility of
nanocrystals in different molten salt solvents is equally
probable, and while stability principles have been established,
solubility limits of NCs in different salts have not. Despite this,
we still recover high-quality colloidal nanocrystals as evidenced
by well-separated individual nanocrystals by TEM (Figure 2B
i−iv), stable colloidal solutions of oleylamine capped nano-
crystals (Figure 2C i−iv, inset photo) in organic solvents, and
small-angle X-ray scattering consistent with well-dispersed
individual nanocrystals (Figure S5). This indicates the Lewis
neutral salts still provide an effective barrier for nanocrystal
fusion despite some settling out of the nanocrystal powders at
high temperatures. Powder X-ray diffraction of the recovered
InP and InAs nanocrystals (Figure 2C) show phase pure zinc
blende diffraction peaks indicating there are no crystalline
impurities in the samples. In addition, for samples of InP and
InAs annealed in the KGaI4 molten salt, we observe shifts of
the diffraction peaks to larger q (2θ), indicating the lattice
parameter of the nanocrystals has decreased, demonstrating
that gallium has diffused into the lattice. Previous work from
our group has shown that the PXRD peak shifts correspond to
homogeneous alloying which was further confirmed by solid-
state NMR;25 however, for larger quantum dots in this work, a
composition gradient cannot be ruled out. Further we observe
nearly identical peak width for the KGaI4 treated nanocrystals
(light brown and orange lines, respectively) compared to the
initial nanocrystals (black). Altogether, the alloyed In1−xGaxP
and In1−xGaxAs nanocrystals we recover after annealing in
KGaI4 are very similar, in terms of gallium content and shape
change as our previous results using Lewis basic molten salts
with added gallium iodide.24

The Lewis neutral reaction conditions afforded by the KGaI4
molten salt solvent provide chemical stability of III−V phases
at high temperatures. We explored the reactivity of InAs
nanocrystals in KGaI4 up to 650 °C, and we can recover phase
pure GaAs powders (Figure S6A). However, we see that the
Scherrer size of the nanocrystals begin to increase at ∼450 °C.

For samples annealed at 650 °C, the Scherrer size has
increased to ∼50 nm and TEM (Figure S7A) corroborates the
size increase. We explored using Se-capped InAs nanocrystals
at elevated temperatures in the KGaI4 molten salt and found
similar chemical stability of the InAs nanocrystals up to 650 °C
(Figure S6C). Interestingly, for InAs nanocrystals capped with
selenide ligands, the Scherrer size did not increase as
dramatically compared to GaI3-capped nanocrystals. The
domain size began to increase at ∼550 °C (Figure S6D),
and samples treated at 650 °C grew to ∼20 nm Scherrer sizes.
TEM shows particle sizes that are consistent with the XRD
results (Figure S7B). These results demonstrate that the Lewis
neutral molten salt environment provides a chemically benign
reaction condition to process III−V nanocrystals, and that
molten salts are viable solvents for III−V materials for
temperatures as high as 600 °C. We found InP nanocrystals
were less thermally stable than InAs nanocrystals during high-
temperature annealing in KGaI4. For example, when heated to
temperatures up to 450 °C, we observe the formation of
In1−xGaxP nanocrystals, but at temperatures higher than 450
°C we observe decomposition of the InP. In the case of III−P
materials, thermal stability is decreased due to the high vapor
pressure of phosphorus compared to III−As materials.

Accelerated Decomposition Observed in Reactive
Lewis Acidic and Lewis Basic Molten Salt Solvents.
Having established that Lewis neutral molten salt phases are
the phase that likely formed in our previous works, we aim to
carefully modify the salt composition to understand how excess
acidic or basic components affect III−V nanocrystals. For the
KI/GaI3 phase diagram in the >50% mole fraction GaI3 region,
the system forms a homogeneous melt across all compositions
if the salt is above the melting point of KGaI4 and GaI3. Figure
3A shows the results of annealing InAs nanocrystals at 400 °C
for 1 h in increasingly Lewis acidic GaI3/KI molten salt. As the
amount of excess GaI3 is increased, we observe an increase in
the amount of decomposition products (In0 and As0) and a
decrease in diffraction intensity from the expected zinc blende

Figure 3. (A) Powder XRD patterns of the recovered products from annealing InAs nanocrystals in KGaI4 at 400 °C for 30 min with added
excess GaI3. (B) Powder XRD patterns of recovered products from annealing InAs nanocrystals in KI/LiI eutectic at 400 °C for 30 min with
small amounts of added KGaI4. (C) Photo of 1 mol % KGaI4 in KI/LiI eutectic with no added nanocrystals. Inside the ampule is a small tube
which contains gallium metal (dark blob) to getter iodine vapor impurities in the sample without being in direct contact with the salt. (D)
Photo of InAs nanocrystals dispersed in pure KI/LiI Eutectic at ∼280 °C and (E) photo of the same ampule after adding KGaI4 to make a 1
mol % solution in KI/LiI. Notice the colorless salt phase present in the photo in (E).
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peaks of In1−xGaxAs to the point where no detectable
In1−xGaxAs is recovered. Our results indicate that InAs is
susceptible to decomposition in the presence of excess acidic
salt components. Interestingly our previous work using Lewis
acidic molten salts for preparation of In1−xGaxP nanocrystals
from InP did not suffer from decomposition in the same GaI3/
KI [65:35 molten salts], indicating that the chemical identity of
the nanocrystals also plays a role in determining chemical
stability.
Next, we explore the chemical and colloidal stability of InAs

nanocrystals in truly Lewis basic environments rather than in
salt systems where phase separation occurs. Due to the phase
separation of KGaI4 with excess KI/LiI, care must be taken to
engineer a single-phase gallium containing molten salt
environment. The upper KI/LiI phase from separated mixtures
(inset photo Figure 1E) is also colored, indicating that some
[GaI4]− is present in the upper salt phase. We find that we can

add up to 2 mol % (∼10 wt %) KGaI4 to a KI/LiI eutectic
mixture without obvious phase separation (Figure 3C) when
no nanocrystals are present. Interestingly, we find that InAs
nanocrystals form well dispersed colloids in pure KI/LiI
eutectic mixture (Figure 3D) but upon addition of even 1 mol
% KGaI4 the nanocrystals appear to lose solubility in the Lewis
basic molten salt mixture (Figure 3E). This indicates that even
small amounts of [GaI4]− can lead to precipitation of the
nanocrystals from the KI/LiI salt matrix. One possibility is that
the additional gallium halide species change the nanocrystal
surface chemistry, such that a charge density wave is no longer
seeded by the charged nanocrystal surface.27 A second
possibility is that nanocrystals can be thought of as very
large cations, and similar to the driving force leading to phase
separation of KI/LiI+GaI3 mixtures, nanocrystals would
preferentially interact with the large [GaI4]− anions in
KGaI4, and thus, the two components phase separate into a

Figure 4. In situ high-temperature spectroscopy of molten salt solvents. Visible absorption spectra and Raman spectra for (A, B) the
nominally Lewis acidic GaI3/KI [65:35 mol %] eutectic mixture, (C, D) the nominally neutral KGaI4 and (E, F) the nominally Lewis basic 2
mol % KGaI4 in KI/LiI eutectic. The violet, blue, and green lines correspond to the expected Ga−I stretching frequencies unique to
[Ga2I7]−, [GaI4]−, and Ga2I6 respectively.
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highly concentrated nanocrystal/KGaI4 phase and a nano-
crystal and KGaI4 deficient phase. Regardless of origin, one
way to frame this observation is an example of a “flocculant” or
“antisolvent” for molten salt colloids which we believe is the an
example of many possible ways of controlling nanocrystal
solubility using salt additives.
Annealing InAs nanocrystals in the pure KI/LiI eutectic at

400 °C (Figure 3B) leads to formation of As0 and In0
decomposition products. Further the InAs nanocrystal grow
larger than nanocrystals treated in KGaI4 as seen by the change
in peak width. This indicates the excess Lewis base
components of the salt may facilitate mass transfer between
nanocrystals. For example, if the reaction InAs+3NaI→ Na3As
+ InI3 occurs to a small extent, the products can effectively
shuttle InAs units between nanocrystals, or can undergo direct
redox to form As0 and In0. Further, upon addition of solvents
during the recovery process, Na3As and InI3 can undergo redox
reaction to decompose into As0 and In0 respectively. Addition
of 1−2 mol % (5−10 wt %) KGaI4 to the KI/LiI molten salt
containing InAs nanocrystals followed by annealing at 400 °C
(Figure 3B) leads to incorporation of gallium as evidenced by
shift of the X-ray diffraction peaks to higher q-values. However,
we also observe significant decomposition products in the form
of indium metal and arsenic. In these reactions, the
nanocrystals likely have segregated to a very small KGaI4
phase, but they may also be in contact with pure KI/LiI phase
leading to enhanced decomposition.
The phase separation of molten salts is typically driven by

large differences in ionic radii, with Li+ being an example of a
small cation phase-separating from other ions. Therefore, we
further explored using a CsI/NaI/KI eutectic which melts at
∼410 °C and importantly does not contain Li+.36 We find that
this salt composition can dissolve GaI3 up to 10 mol % (50 wt
%) without phase separation (Figure S8A). We explored using
the CsI/NaI/KI salt for molten salt processing of InAs
nanocrystals capped with GaI3 ligands and found the
nanocrystals were destroyed after annealing at 450 °C (Figure
S8B). We further found that Se-capped InAs had improved
chemical stability both with and without added KGaI4;
however the reactions suffered from low yield, unidentified
byproducts, and irregular XRD peak shapes. One issue with
this molten salt mixture is the high melting point, and it is
possible that heating the InAs nanocrystals to T > 400 °C
before the salt melts may explain the enhanced decomposition
we observe in these salts. In all, we have explored a few
deviations from the neutral KGaI4 molten salt mixture and
found that excess Lewis acidic or Lewis basic components can
lead to accelerated decomposition of sensitive InAs nanocryst-
als. While these observations provide guidance, we are careful
to emphasize that different materials systems may have
different reactivity to a given molten salt environment.
In Situ Spectroscopy to Evaluate Chemical Species

Present in Molten Salts at Elevated Temperatures.
Given that the molten salt reactions occur at elevated
temperatures, the chemical species identified by room-
temperature spectroscopy may not be representative of the
species present at the reaction temperature. Qualitatively we
observe that increasing the temperature of molten KGaI4
causes the sample to develop an increasingly deep red color
(Figure S9A). Further, we observe that increasing the GaI3-to-
KI ratio causes the red color to develop more intense (Figure
S9B), suggesting temperature may be changing the chemical
species present in the molten salt phases.

We perform temperature-dependent visible absorption
spectroscopy and Raman spectroscopy on the molten salts
used in this work to elucidate changes in chemical species
present as a function of temperature. Figure 4A shows
temperature-dependent absorption spectra of the GaI3/KI
[65:35 mol %] eutectic mixture which shows a progressive
redshift of the absorption onset as the temperature increases
from 300 to 450 °C. This is consistent with either temperature-
dependent speciation of components with different absorption
spectra or drastic change in the temperature-dependent
absorption spectra of the GaI3/KI [65:35 mol %] eutectic
salt. Unfortunately, due to the strong extinction and likely
broad absorption features of the salt components at these
elevated temperatures, we do not observe distinct peaks or an
isosbestic point for further quantitative analysis.
At room temperature, the GaI3/KI [65:35 mol %] eutectic

salt shows 5 Raman peaks in the 50−100 cm−1 range and a
very strong peak at ∼142 cm−1 (Figure 4B Black). To
understand the origin of these peaks, we compare the room-
temperature Raman spectra for GaI3, KGaI4, and the GaI3/KI
[65:35 mol %] eutectic mixture (Figure S10). The Raman
spectrum of the KI/GaI3 eutectic appears to be a mixture
spectrum of GaI3 and KGaI4 where the peaks at 55, 62, 67, and
84 cm−1 correspond to GaI3 and the peak at 76 cm−1

corresponds to KGaI4, indicating that at room temperature
the salt contains a mixture of [GaI4]− anions and Ga2I6. This is
different than what is seen for the GaI3/CsI and GaI3/RbI
systems where Cs+ [Ga2I7]− and Rb+ [Ga2I7]− form37 and
likely the smaller size of the K+ ion plays a role in the observed
difference.
At elevated temperatures, the Raman spectra of the GaI3/KI

[65:35 mol %] eutectic show 2 broad features at ∼70 and
∼140 cm−1 where the peak at 140 cm−1 likely consists of at
least three overlapping peaks. We suggest that the three
overlapping peaks at 140 cm−1 correspond to three different
species which are expected to be present in the Lewis acidic
GaI3/KI [65:35 mol %] eutectic salt. The first shoulder at
∼137 cm−1 likely corresponds to [Ga2I7]− vs and vas modes
which are strongly Raman active.37 Overlapping with that peak
is the peak at ∼145 cm−1 which corresponds to the v1
(symmetric stretch) mode of [GaI4]−. Free Ga2I6 also has a
strong Raman mode at ∼147 cm−1; thus, the presence of the
peak at ∼145 cm−1 is consistent with both species being
present. The identity of the shoulder which we observe at
∼153 cm−1 is difficult to assign and has not been reported to
our knowledge. However, we note that reported experimental
spectra of molten Ga2I6 show a distinct shoulder on the high-
frequency side of the main peak at ∼143 cm−1.38 We also
observe the same high frequency shoulder at ∼153 cm−1 for
pure molten gallium iodide (Figure S11B), strongly suggesting
that the shoulder peak at ∼153 cm−1 is indicative of a Ga2I6
species present in the GaI3/KI [65:35 mol %] molten salt
eutectic. Further, we do not observe a shoulder at ∼153 cm−1

for KGaI4 or KGaI4 in KI/LiI, compositions which should not
contain any free Ga2I6, consistent with our assignment of the
shoulder at ∼153 cm−1 being attributed to a Ga2I6 species.
Based on these spectroscopic observations, it appears that at
room temperature, the GaI3/KI [65:35 mol %] eutectic salt
primarily contains [GaI4]− and Ga2I6 however upon melting
the mixture of chemical species becomes more complex, now
containing a mixture of [GaI4]−, [Ga2I7]−, and Ga2I6. Our
results suggest that at elevated temperatures significant Ga2I6
and [Ga2I7]− is present in the molten salt.
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For the KGaI4, we observe progressive redshift of the
absorption onset as the temperature is increased (Figure 4C),
consistent either with different chemical species forming or
simply temperature-dependent absorption spectrum changes
for the [GaI4]− anion. Room-temperature Raman spectra of
KGaI4 (Figure 4D) show three well-defined peaks at 146, 80,
and 60 cm−1 corresponding to the v1 (symmetric stretch), v4
(asymmetric bend), and v2 (symmetric bend) respectively for a
tetrahedral molecule.39 Temperature-dependent Raman spec-
tra show that three distinct peaks corresponding to the v1, v4
and v2 at 143, 75, and 50 cm−1 remain. We observe a small

peak at ∼115 cm−1 which may correspond to small amounts of
the [Ga2I6]2− ion which could form if a small amount of
metallic gallium impurities were present in the system.40

Importantly we do not see any peaks or shoulders which
correspond to Lewis acidic species such as GaI3 or the
[Ga2I7]− ion. Directly overlaying the Raman spectra for KGaI4
and KGaI4 in contact with excess AI (A = Li,K) shows no
discernible difference (Figure S12) indicating 2KGaI4 → KI
+KGa2I7 does not happen to an appreciable amount. Further,
the well-defined Raman peaks of KGaI4 at elevated temper-
atures indicate that the molecular structure of this salt remains

Figure 5. (A) Reaction schemes using KAlI4 for preparing (i) In1−yAlyAs, (ii) In1−x−yGaxAlyAs via a two-step reaction, and (iii)
In1−x−yGaxAlyAs via a single-step reaction. (B) Powder XRD patterns for InAs nanocrystals after annealing in KAlI4 under different
conditions and (C) corresponding TEM images for a subset of the samples. (D) XRD patterns for In79Ga21As annealed in KAlI4 under
different conditions with their corresponding composition determined by Vegard’s law as discussed in the text, (E) XRF spectra of the same
samples with their corresponding composition quantification, and (F) TEM and HRTEM for a subset of the samples. (G) XRD patterns for
InAs annealed in KAlI4/KGaI4 under different conditions with their corresponding composition determined by Vegard’s law as discussed in
the text, (H) XRF spectra of the same samples with their corresponding composition quantification, and (I) TEM and HRTEM for a subset
of the samples.
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as a well-defined [GaI4]− molecular unit. Based on these
observations, the neutral KGaI4 molten salt remains primarily
in the Lewis neutral [GaI4]− state at elevated temperatures,
and this provides a chemical basis to understand which molten
salt solvents will prevent decomposition of colloidal nano-
crystals.
Next, we turn our attention to the properties of dilute KGaI4

dissolved in the KI/LiI eutectic (Figure 4E,F) to understand if
the presence of excess I− will modify the structure and thus
reactivity of the gallium halide species. High-temperature
visible absorption spectroscopy (Figure 4E) shows that the
absorption onset occurs at shorter wavelengths than the
corresponding pure KGaI4 at a given temperature, consistent
with dilution of the KGaI4 in a colorless KI/LiI matrix. Room-
temperature and high-temperature Raman spectra show the
three distinct peaks corresponding to the v1, v4 and v2 at 143,
75, and 50 cm−1, respectively, for the [GaI4]− molecule. We do
not observe other peaks, indicating that in an iodide rich
environment the primary gallium halide species present is
[GaI4]−. Importantly these observations show that the
enhanced decomposition in Lewis basic salt mixtures (Figure
3B) is likely a result of the implied excess I− (which has no
vibrational signatures) rather than the formation of a different
gallium iodide species in the iodide rich environment.
Toward Aluminum Pnictide Alloy Colloidal Nano-

crystals Using KAlI4 Molten Salts. Aluminum trihalides are
the strongest Lewis acids of the group III halides. Previous
attempts in our group to use aluminum halide molten salts to
prepare aluminum pnictide phases resulted in complete
decomposition of the colloidal nanocrystals. Here we decrease
the reactivity of aluminum iodide (already the least reactive of
the aluminum halides) by preparing the Lewis neutral form
KAlI4 from AlI3 and KI (Figure 5A). We note that commercial
sources of AlI3 are often contaminated with iodine impurities
which had to be removed via appropriate purification (Figure
S13). First, we explore reacting InAs nanocrystals, which we
initially capped with AlI3 ligands, with pure KAlI4 (Figure 5A-
i) to prepare In1−xAlxAs nanocrystals. Annealing InAs at 300
°C for 1 h did not result in incorporation of Al (Figure 5B),
and the nanocrystal Scherrer size did not change. Importantly,
though, recovery of the InAs after high-temperature annealing
indicates that creating a Lewis neutral KAlI4 molten salt
afforded chemical stability of the InAs phase. Higher-
temperature annealing (400−450 °C) resulted in ∼5% Al
incorporation accompanied by an increase in crystallite size,
but importantly the materials remain as well-separated
nanocrystals (Figure 5C). At temperatures above 500 °C,
11−15% Al incorporation is observed, but the size increases
dramatically. The sharp diffraction peaks indicate large
crystallite domains and TEM shows the particles are now
larger than 100 nm and contain multiple domains as evidenced
by varying diffraction contrast within individual particles
(Figure S14). Our results thus indicate that for InAs, the
nanocrystals begin to ripen significantly at temperatures below
the critical temperature needed to activate aluminum
interdiffusion processes. We also explored Se-capped InAs
nanocrystals, which we previously found increased the
threshold temperature for ripening in the InAs-KGaI4 system
(Figures S6). We found that Se-capped InAs would decompose
upon exposure to KAlI4 molten salts (Figure S15). Our
experiments show neutral KAlI4 molten salts afford chemical
stability to III−V nanocrystals in Al-containing molten salts

which may enable future molten salt mediated growth of wide
band gap Al-containing shell materials.
Next, we explore a two-step approach to prepare

In1−x−yGaxAlyAs nanocrystals by first preparing In1−xGaxAs
nanocrystals by annealing InAs nanocrystals in KGaI4 followed
by annealing the In1−xGaxAs nanocrystals in KAlI4. This
approach is motivated by the observation that In1−xGaxAs
nanocrystals show higher resilience toward etching or growth
in molten salts compared to InAs nanocrystals. Figure 5D
shows powder X-ray diffraction patterns for initial InAs
nanocrystals (black) and after gallium incorporation (dark
violet) indicating the nanocrystals have ∼21% gallium
incorporated. Next these nanocrystals are recovered from the
KGaI4 molten salt by dissolving the salt matrix in acetonitrile
and separating the nanocrystal powder by centrifugation. The
powder was subsequently dried a second time, incorporated in
the KAlI4 salt using a mortar and pestle, and annealed at high
temperatures in sealed quartz ampules. Nanocrystals were
recovered as colloidal solutions via an approach similar to
KGaI4 reactions, except that MeCN was replaced with a
mixture of MeCN and DMF to better dissolve the KAlI4.
Powder X-ray diffraction of the recovered In69Ga21As

nanocrystals after KAlI4 treatment (Figure 5D) shows broad
peaks consistent with small crystallite size, with peaks getting
slightly sharper for higher-temperature annealing. In addition,
we observe continued shifting of the XRD peak positions to
larger q-values with increased time and temperature. AlAs and
GaAs have nearly identical lattice parameters; thus, the
observation of shifted diffraction peaks is consistent with
either Al or Ga incorporation into the InAs lattice. We estimate
the In:(Ga+Al) ratio based on a linear interpolation of the
InAs and GaAs/AlAs lattice parameters. Based on this analysis
framework, we observe higher-temperature annealing leads to
more (Al+Ga) incorporated into the lattice. In Figure 5E, X-
ray fluorescence is used to independently determine the
amount of indium, gallium, and aluminum in the nanocrystals.
We observe more gallium has been incorporated into the
nanocrystals than the initial 21% from the KGaI4 pretreatment,
and at most we have incorporated 20% Al for 450 °C annealing
temperatures. We suspect the gallium content increase is a
result of partial nanocrystal decomposition, where some of the
initial In1−xGaxAs nanocrystals decompose providing an
additional source of gallium for cation exchange. Further
these results suggest preferential uptake of Ga into the
nanocrystals over Al considering the much higher concen-
tration of Al over the Ga (from particle decomposition) in the
salt. TEM images of the recovered In1−x−yGaxAlyAs nanocryst-
als (Figure 5F) show small crystallite sizes and single crystal
domains by HRTEM. Using this approach with In1−xGaxAs
nanocrystals which initially contain 55% Ga (Figure S16)
yielded similar trends but with overall less Al incorporation.
Altogether our results show that a two-step molten salt
annealing approach is a viable route to quaternary
In1−x−yGaxAlyAs nanocrystals.
Next, we explore the reactivity of InAs nanocrystals which

we anneal in a mixture of KAlI4 and KGaI4 in a single step
(Figure 5A-iii). The idea here is that we can “temper” the
reactivity of Al-halide molten salts by diluting them with Ga-
halide salts. For all reaction conditions, we observe shifts of the
diffraction peaks to larger q-values indicating incorporation of
Ga and/or Al into the lattice (Figure 5G), and XRF (Figure
5H) is used to discern the exact compositions of In, Ga, and
Al, respectively. First, we discuss the effect of the ratio of
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KAlI4:KGaI4 annealed at 370 °C for 1 h, and we find that with
larger amounts of KAlI4 there is an increase in the Al content
of the nanocrystals. In addition, we see that there is preferential
incorporation of Ga over Al despite the large excess of Al,
consistent with our observations for the two step reactions.
Importantly the peak widths do not appreciably broaden when
annealed at 370 °C indicating we can control the size of the
particles while still incorporating Al into the lattice. Next, we
explore the role of temperature from 370 to 460 °C for a 1:1
ratio of KAlI4:KGaI4. Here we observe that at higher
temperatures, the powder diffraction peaks progressively shift
to higher q-values indicating more Ga+Al has been
incorporated into the lattice. Further, we observe that at
higher temperatures the diffraction peaks become sharper,
indicating the particles begin to grow at temperatures above
400 °C. X-ray fluorescence shows that increasing the
temperature causes more indium to be expelled out of the
lattice and that for temperatures greater than 400 °C, ∼30% Al
can be incorporated with all indium removed, resulting in
Ga70Al30As nanocrystals. Importantly, TEM imaging shows
that the particles derived from mixed gallium/aluminum salts
show better defined shapes (Figure 5I). Qualitatively the
mixed salt reactions had higher yields and better colloidal
stability after recovery compared to the reactions involving
pure KAlI4. Altogether the mixed salt approach appears to
temper the high reactivity of pure KAlI4.
We expand the mixed salt approach using mixed KAlI4:KInI4

in attempts to prepare pure In1−xAlxAs while maintaining small
nanocrystal sizes. Unfortunately, we found that mixed In/Al
salts did not result in aluminum incorporation into InAs after
annealing at 500 °C for 1 h in KAlI4 containing 25% and 50%
KInI4 (Figure S17). Further we found that in high indium
content salts (66% KInI4), the particles decomposed
significantly, and we were unable to identify any crystalline
decomposition products. These observations suggest that the
nature of indium-containing molten salts may be different than
their gallium counterparts with regards to chemical stability
and is consistent with previous attempts in our lab to use
indium halide molten salt solvents.
Expanding mixed KGaI4/KAlI4 salt approach to InP

nanocrystals resulted in mixed In1−x−yGaxAlyP nanocrystals
(Figure S18). The material showed well-defined zinc blende
diffraction peaks which do not broaden compared to the
parent InP nanocrystals, indicating the particles did not change
size. We measure up to 11% Al incorporation into the
phosphide lattice based on X-ray fluorescence. TEM (Figure
S18C) shows the particles remain well dispersed and contain
single crystal domains. Interestingly, we see that using a two-

step approach where we anneal In1−xGaxP nanocrystals in
KAlI4 (Figure S18D) does not result in measurable aluminum
incorporation and we also see significant decomposition of the
particles indicating the mixed salt environment may provide
enhanced stability. While the 11% Al incorporation is modest,
the ability to disperse phosphide-based III−V nanocrystals in
Al containing molten salts may enable future growth of wide
band gap Al-containing shells using molten salts.

Understanding the Structure of Mixed KAlI4/KGaI4
Molten Salt Environments Using In Situ Raman Spec-
troscopy. One interesting trend we observe is that exposure
of InAs and In1−xGaxAs nanocrystals to pure KAlI4 results in
more particle growth than exposing the nanocrystals to mixed
KAlI4/KGaI4 molten salts for nearly identical reaction
conditions. We aim to elucidate a chemical explanation for
the observed trends. Figure 6A shows room-temperature
Raman spectra of mixed KAlI4/KGaI4 molten salts. For KAlI4,
at room temperature we observe a very strong peak at ∼148
cm−1 which corresponds to the symmetric stretching (v1)
mode of the [AlI4]− ion. We see a similar mode for the [GaI4]−

anion at 145 cm−1 which is broader than the [AlI4]− ion. When
mixed, we observe a linear combination of the [AlI4]− and
[GaI4]− spectra indicating more complex species do not form
at room temperature. The low frequency Raman features of the
KAlI4 and KGaI4 in the 50−100 cm−1 range also show a linear
combination of the two parent compounds. Based on this,
mixed KAlI4/KGaI4 salts remain as distinct molecular units at
room temperature.
At high temperatures, the Raman spectra of molten KAlI4

retains the very strong peak at 148 cm−1, and we observe small
shifts to lower frequencies as the temperature is increased
(Figure 6B). In addition, we observe that the two peaks at ∼75
and ∼90 cm−1 observed in the solid state become one peak in
the molten state. In the solid state KAlI4 likely adopts a crystal
structure which has multiple Al−I bond lengths leading to a
Raman spectrum which differs from an ideal tetrahedral
molecule.41,42 Upon melting, the environment surrounding the
[AlI4]− anions becomes more symmetric on average leading to
the recovery of a Raman spectrum for an ideal tetrahedral
molecule. The Raman peaks we observe are in good agreement
with previous literature reports for Raman spectra of molten
CsAlI4

43 and demonstrate that the well-defined molecular
structure of the [AlI4]− unit is maintained at the reaction
temperatures.
Next, we turn our attention to the mixed KAlI4/KGaI4

system where we observe a distinct color change for the mixed
salts compared to their parent compounds (Figure S19) in the
molten state. Room-temperature Raman spectra for a 50:50

Figure 6. (A) Room-temperature Raman spectra of mixed KGaI4 and KAlI4 which were previously fused at ∼400 °C prior to solidification.
(B) High-temperature Raman spectra of KAlI4. (C) High-temperature Raman spectra of molten mixture of KGaI4 and KAlI4 with a 1:1 molar
ratio.
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mol % mixture of KAlI4/KGaI4 show a Raman spectrum that is
a linear combination of the parent compounds (Figure 6C).
Upon melting, we observe a broad asymmetric peak which we
suspect is the overlapping symmetric stretch peak coming from
the [AlI4]− at ∼144 cm−1 and [GaI4]− at ∼140 cm−1. Due to
the broad and overlapping nature of the low frequency (50−
100 cm−1) peaks for KAlI4 and KGaI4 at room temperature, at
elevated temperature these peaks devolve into 2 broad peaks.
Based on the Raman data presented here it appears that the
mixed KAlI4 and KGaI4 remain as their distinct [AlI4]− and
[GaI4]− structural units in the molten state. As such it appears
that our observation of the tempered reactivity of KAlI4 when
mixed with KGaI4 is a result of an effective dilution of the more
reactive Al-salt in the less reactive Ga salt rather than the
formation of distinct mixed Al−Ga molecular species. Two
additional possibilities related to the materials’ stability are also
possible. First, we have empirically observed GaAs is more
stable than InAs during molten salt annealing, and as such the
addition of gallium into the nanocrystals increases their
stability and thus mitigates decomposition in the Al-containing
salts. Second, the excess gallium present in the system could
prevent decomposition of the nanocrystals by forcing any
decomposition products to immediately convert back to GaAs
units which are more stable than AlAs units. Altogether, the
distinct reactivity of mixed composition molten salt solvents
toward nanocrystals demonstrates many routes to transform
colloidal nanocrystals into ever more complex structures with
compositions which are not accessible in organic solvent-based
synthesis.

CONCLUSIONS
In this work, we have extensively explored the reactivity of
molten salt solvents toward colloidal III−V nanocrystals, with a
particular focus on the more sensitive III-arsenides, with
regards to chemical and colloidal stability. We identify that
many previously developed molten salt mixtures used for
cation exchange underwent an unexpected phase separation
due to the presence of small Li+ cations relative to the larger
tetrahalogallate species. Fortuitously this resulted in a Lewis
neutral salt environment which we found was key to preserving
chemical stability of sensitive InAs nanocrystals. In addition,
we demonstrate that directly prepared KGaI4 molten salts are
excellent solvents for cation exchange of colloidal nanocrystals
and that well-defined colloidal nanocrystals with precisely
faceted shapes can be produced in these molten salts. Through
in situ high-temperature Raman spectroscopy we demonstrate
that the Lewis neutral molten salts based on alkali
tetrahalogallate species retain the well-defined [MX4]− unit
at the reaction temperature. We further explore using Lewis
neutral KAlI4 molten salts to prepare Al-based III−V alloys,
demonstrating examples of colloidal In1−x−yGaxAlyAs and
Ga1−xAlxAs nanocrystals through a variety of strategies to
temper the reactivity of aluminum halide based molten salts
toward sensitive III−V nanocrystals. Altogether our results
show several key factors which must be considered when
designing molten salt solvents for cation exchange of III−V
nanocrystals.

METHODS
Chemicals. Trioctylphosphine (TOP, 97%), trioctylphosphine

oxide (TOPO, 99%), diisobutylaluminum hydride (reagent grade, 1
M solution in toluene) and anhydrous solvents (hexane, toluene,
ethanol (EtOH), isopropanol (IPA), acetonitrile (MeCN), methyl

acetate) were purchased from Sigma-Aldrich and used as received.
Oleylamine (OAm, technical grade, 70%) and Oleic acid (OA, 90%)
were purchased from Sigma-Aldrich and degassed under dynamic
vacuum at 110 °C for several hours before storage in a nitrogen
glovebox. Potassium iodide (ultradry, 99.998%), gallium(iii) iodide
(ultradry, 99.999%), aluminum(iii) iodide (ultradry, 99.999%),
lithium iodide (ultradry, 99.98%), sodium iodide, (ultradry,
99.98%), cesium iodide (ultradry, 99.98%), cesium bromide (ultradry,
99.9%), lithium bromide (ultradry, 99.9%), potassium bromide
(ultradry, 99.9%), indium(i) chloride (99.995%) and N,N-dimethyl-
formamide (DMF, anhydrous 99.9%) were purchased from Alfa Aesar
and used as received. Tris(trimethylsilyl) phosphine ((TMS)3P, 98%,
stored frozen), tris(dimethylamino)arsine (99%), and indium(iii)
chloride (anhydrous, 99.999%) were purchased from Strem
Chemicals and used as received. In general, we preferred salt
precursors which are delivered as ∼10 mesh beads in sealed ampules
over fine mesh powders since the lower surface area minimized
contamination with moisture and residual glovebox solvents. The
beads were ground into fine powders as needed in an oven-dried
mortar and pestle.

Synthesis of Li2Se. Lithium selenide was synthesized from
lithium triethylborohydride and selenium pellets as described
previously.44

InAs Nanocrystal Synthesis. Tetrahedron-shaped InAs nano-
crystals were synthesized using modifications of established
procedures.11 Briefly 50 mL of OAm was degassed under vacuum
in a 250 mL 3-neck round-bottom flask equipped with a condenser
and 250 mL bump trap installed between the flask and condenser at
110 °C for several hours. Next 4 mmol of InCl3 (884 mg) was added
to the flask under flow of N2. The reaction was next heated to 130 °C
under vacuum for 1 h. The flask was switched to N2 and heated to 290
°C. In a glovebox, 4 mmol of tris(dimethylamino)arsine was mixed
with 5 mL of dry OAm and heated to 50 °C until bubbles stopped
evolving. The As stock solution was injected into the flask at 280 °C,
followed by injection of 4 mmol of DIBAL-H (4 mL of a 1 M stock
solution in toluene). Caution: this rection is vigorous due to the
evolution of gas from DIBAL-H and the high reaction temperature
relative to the boiling point of toluene. The bump trap between the
flask and condenser allowed the toluene to distill out of the reaction
mixture. The reaction was held at 280 °C for 15 min, then cooled to
room temperature under a stream of compressed air. The reaction
flask was transferred to a glovebox, and the nanocrystals were
precipitated by addition of anhydrous ethanol, centrifuged, and the
supernatant discarded. The precipitate was dissolved in toluene,
centrifuged to remove insoluble impurities which include amorphous
As0. The nanocrystals were precipitated a second time using an
ethanol/toluene nonsolvent pair and subsequently stored in hexane in
a glovebox for future use.

Sphere-shaped InAs nanocrystals were synthesized according to
established procedures.45

InP Nanocrystal Synthesis. Tetrahedron-shaped and sphere-
shaped InP nanocrystals were synthesized using recipes our group
recently modified.26

Molten Salt Preparation. All handing of salt precursors were
carried out in a N2 glovebox. Care was taken to avoid exposing the salt
precursors to a solvent vapor saturated glovebox atmosphere. KGaI4
was prepared by loading “ultra-dry” KI and “ultra-dry” GaI3 in a 1:1
molar ratio into an oven-dried quartz ampule (9 mm outer diameter, 7
mm inner diameter, with an indentation to support a sealing plug
above the sample), and a 6 mm diameter quartz plug was inserted.
The ampule was attached to a vacuum transfer chuck to mount the
ampule on a vacuum manifold without air exposure. The ampule was
sealed under vacuum using a O2/H2 torch. Next the salts were melted
in a vertical furnace at ∼400 °C and after the salt melted the ampule
was inverted several times followed by additional annealing for several
hours to ensure complete reaction. The reaction was cooled to room
temperature, brought into a N2 glovebox and the ampule was broken
open in a mortar, the quartz pieces were mechanically separated, and
the resulting salt was ground into a coarse powder and stored for
future use. For KAlI4, we found many commercial sources of AlI3 were
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contaminated with an I2 impurity (resulting in a deep violet color of
the melted salts). To avoid I2 impurities, we sealed a 1:1 molar ratio of
KI and AlI3 and an aluminum metal slug in an ampule under vacuum.
This sealed ampule was heated at ∼400 °C until a nearly colorless salt
phase was observed, indicating all iodine had reacted with the excess
aluminum metal, and this salt was recovered as described above. The
KI/LiI eutectic mixture was prepared by grinding KI and LiI in the
molar ratio 63:37 (melting point 250 °C) in a mortar and pestle. The
CsBr/KBr/LiBr eutectic mixture was prepared by grinding CsBr, LiBr,
and KBr in the molar ratio of 25:19:56 (melting point 236 °C) in a
mortar and pestle. The CsI/KI/NaI eutectic mixture was prepared by
grinding CsI, KI, and NaI in the molar ratio of 52:4:44 (melting point
407 °C)36 in a mortar and pestle.
Inorganic Ligand Exchange. To exchange the native organic

ligands on InAs or InP nanocrystals for GaI3 ligands, nanocrystals with
their native surface ligands dissolved in ∼15 mL of hexanes were
layered on top of 5 mL a 0.05 M GaI3 solution in DMF. This biphasic
system was stirred for several hours until complete phase transfer of
the nanocrystals to the DMF phase. Next the DMF phase was
separated and washed with fresh hexanes. The nanocrystals were
precipitated from the DMF solution by addition of 5 mL of
acetonitrile (MeCN) and collected by centrifugation. The supernatant
was discarded, and the nanocrystal pellet was suspended in fresh
MeCN via vortexing followed by collection of the powder via
centrifugation. Finally, the supernatant was discarded, and the
nanocrystals were dried in a glovebox overnight in an open centrifuge
tube for future use.

InAs nanocrystals with Se ligands were prepared based on modified
literature procedures.29 Nanocrystals with their native organic ligands
were dissolved in ∼15 mL of anhydrous hexanes and layered atop 5
mL of a 5 mg/mL solution of Li2Se in formamide. This biphasic
mixture was stirred for several hours until complete phase transfer of
the nanocrystals to the lower formamide phase. The lower phase was
isolated and washed 2 times with fresh anhydrous hexanes. The Se-
capped InAs nanocrystals were precipitated from the formamide
phase using MeCN and recovered via centrifugation. The Se-capped
InAs nanocrystal powder was washed 2 times by suspending the
powder in ∼5 mL of MeCN by vigorous vortexing and centrifugation
to recover the powder. Finally, the powder was dried in an open
centrifuge tube in an N2 glovebox overnight.
Molten Salt Annealing of Nanocrystals. KGaI4, KAlI4 powders

or mixtures thereof were finely ground in an oven-dried mortar and
pestle in a N2 glovebox. Next the previously prepared GaI3- or Se-
capped InAs or InP nanocrystals were incorporated into the salt by
gentle grinding with the mortar and pestle. Nanocrystals could be
loaded in the salts with mass loading as high at 10 wt % nanocrystals
without obvious negative impacts. The nanocrystal/salt mixture was
loaded into a quartz ampule, air-free transferred to a vacuum
manifold, and sealed under vacuum using an O2/H2 torch. Samples
were annealed in a custom high-temperature heating block, which
consisted of a 4-in. diameter cylindrical aluminum block with 8, 3/8-
in.-diameter 2.5-in.-deep holes drilled in a circle around a central
thermocouple hole. The length of the sealed portion of the ampule
was less than 2.5 in. ensuring the entire reaction volume was
uniformly heated in the aluminum block. The block was wrapped in
high-temperature heating tape (BriskHeat BWH) and several layers of
insulation. The temperature was controlled using a PID temperature
controller. The temperature in each hole was independently measured
to be within ±2 °C of the set temperature. Samples were annealed for
the desired time and temperature followed by removal from the
heating block and allowing the sample cool to room temperature
naturally.
Nanocrystal Recovery from Salt Matrix. The ampules were

broken open in an N2 glovebox, and the salt pellet embedded in the
bottom of the ampule were placed in an oven-dried glass vial with a
Teflon stir bar. 5 mL of MeCN (or a 3:2 mixture of MeCN:DMF for
KAlI4 containing salts) was added to the vial and stirred until the salt
matrix dissolved. Next, the nanocrystals were separated by
centrifugation and the supernatant discarded. The nanocrystal pellet
was washed with additional MeCN (or 3:2 MeCN:DMF for KAlI4

containing salt mixtures) and collected by centrifugation. The
nanocrystal pellet was treated with a solution consisting of 50 μL of
OAm in 1 mL of toluene and stirred until the nanocrystals formed a
colloidal solution. The nanocrystals were purified of excess ligand by
precipitation with 5 mL of methyl acetate, centrifugation, and final
dispersion in toluene for further characterization. All samples were
stored in a glovebox and fresh aliquots were removed for
characterization.

Nanocrystal Characterization. Powder X-ray diffraction pat-
terns were collected on a Rigaku miniflex X-ray diffractometer.
Samples were deposited on 511 Si low background substrates. lattice
parameter and Scherrer size were determined by fitting the {111},
{220}, and {311} peaks to pseudo-Voigt functions to extract the peak
width and position. The gallium composition was estimated by
calculating the lattice parameter using the {111}, {220}, and {311}
peaks and using a linear interpolation of the lattice parameters for the
parent InAs and GaAs. TEM images were collected on an FEI Tecnai
F30 microscope at 300 kV. X-ray fluorescence (XRF) analysis was
performed with a benchtop Energy Dispersive Rigaku NEX DE VS X-
ray fluorimeter equipped with a Peltier cooled FAST SDD Silicon
Drift Detector. All analyses were carried out under He atmosphere to
increase sensitivity for lighter elements. Elemental ratios were
determined using the standardless thin films fundamental parameters
method as programmed in QuantEZ software provided by Rigaku,
using the standard Rigaku calibration protocols. All samples were
measured on a PTFE substrate to avoid the large Si Kα peak which
interferes with the aluminum and phosphorus Kα peak.

High Temperature UV−vis Measurements. Light from a
stabilized tungsten halogen lamp (Thor Laboratories SLS201L) was
passed through a temperature balancing filter (Thor Laboratories
FTG200) and coupled into a 1000 μm diameter optical fiber. The
output of the fiber was focused onto the center of a 9 mm O.D., 7 mm
I.D. quartz ampule housed in a custom machined aluminum heating
block using an adjustable fiber collimator. The heating block was
heated with a 150 W swaged cartridge heater controlled by a
temperature controller and thermocouple. The sample temperature
was independently calibrated using a sand filled ampule and a second
thermocouple. The light was transmitted through the sample and
collected into a second fiber with a high NA fiber collimator (Thor
Laboratories F950SMA-A). Spectra were measured using an Ocean
Insight HR4PRO spectrometer. To collect absorption spectra, first the
white light spectrum was collected after passing through a molten KI/
LiI eutectic sample. Then the sample of interest was placed in the
heating block at the desired temperature to measure absorption
spectra. All spectral calculations were handled using the Ocean View
software. See Figure S20 for more details.

Ambient and High Temperature Raman Measurements. All
Raman measurements were performed using a HORIBA LabRAM
HR Evolution Confocal Raman Microscope. All room temperature
measurements were performed using a 532 nm laser source, an
ultralow frequency filter enabling measurement of Raman shifts as low
as 10 cm−1, an 1800 grooves/mm grating (resolution ∼1 cm−1) and
detected using a Horiba Synapse OE-CCD. For high-temperature
Raman experiments, the KGaI4-based samples were measured with
the same 532 nm laser. Due to strong absorption of the 532 nm laser,
the GaI3 and GaI3/KI [65:35 mol %] eutectic at high temperatures
were measured with a 633 nm laser and a standard filter enabling
measurement of Raman shifts to 50 cm−1, an 1800 grooves/mm
grating (resolution ∼1 cm−1), and detected using a Horiba Synapse
OE-CCD. The spectrometer was calibrated using the Horiba LabSpec
software using a Si (111) reference sample for all measurements. For
room-temperature measurements, a sealed quartz ampule (9 mm
O.D., 7 mm I.D.) with a solid salt plug at the bottom was placed
horizontally on the microscope stage. The laser was focused on the
center of the curved ampule using a 10× objective to collect spectra.
For high-temperature measurements, a custom optical path turned the
laser output of the Raman microscope 90 deg and focused the light
into a sealed quartz ampule held vertically in an aluminum heating
block, which was used to heat the salt samples (see Figure S21 for
more details).
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Note on Nomenclature. Rigorous convention for III−V alloy
systems suggests that the metal and pnictide constituents are listed in
increasing atomic number respectively (e.g., GaInAs, InPAs, etc.).
However, often the InGaAs is used interchangeably with the rigorous
(i.e., GaInAs) convention. For this work, we deviate from the rigorous
convention and always list indium first since the resulting In1−xGaxPn
notation is consistent with our previous publications and emphasizes
that we start with InPn and as gallium is incorporated, indium is
removed.
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