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ABSTRACT: Indium phosphide core/shell nanocrystals hold Sequential shell growth InP/ZnSe :
promise to replace heavy-metal-based emissive materials for
bioimaging and optoelectronic applications. Uniformity of the
shell passivation and the interfacial defects are critical for achieving
improved optical properties. A combination of Fourier-transform
infrared spectroscopy (FTIR) and liquid and solid-state NMR
spectroscopy revealed a strong correlation between interfacial
oxidation and photoluminescence of InP-based core/shell quantum
dots. Using an automated sequential shell growth approach enabled
efficient flow synthesis of InP/ZnSe/ZnS quantum dots, exhibiting
high-quantum yields and narrow emission line widths. Feeding
individual precursors into the reactor channel in a sequential
fashion combined with inline reaction monitoring enabled precise
control over layer-by-layer shell passivation of the core particles. Our findings suggest that an unintentional aminolytic reaction
between oleylamine and carboxylates (two most commonly used starting materials for colloidal synthesis) introduces oxidative
defects during the shelling process, thus limiting their optical properties.
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B INTRODUCTION significantly affects the optical properties of the core/shell
QDs. Similar trends have been observed for several other
classes of oxyphilic semiconductor nanocrystals such as ZnTe-
based nanorods and QDs.*"** The impact of phosphorous
oxidation on the PL properties, however, remains ambiguous.
For instance, Tessier et al. showed that oxide-free core/shell
InP-based QDs exhibit significantly lower QY compared to
QDs with an oxidized interface.'® On the contrary, etching of
the InP core prior to shell growth has enabled the synthesis of
high photoluminescent QDs, primarily attributed to the
removal of the oxide layer on the InP surface.*”* A systematic
study to correlate interfacial oxidation with optical properties is
critical to understand its role in achieving high-quality
nanocrystals.

Additionally, the majority of the work in the area of colloidal
semiconductor nanocrystals has utilized different multipot
batch synthesis approaches with limited control over reaction
conditions as well as heat and mass transfer, thus limiting both

Colloidal quantum dots of heavy-metal-free semiconductor
materials are of significant interest for applications ranging
from bioimaging to optoelectronic applications.1_3 Among
various heavy-metal-free candidates, indium phosphide (InP)-
based quantum dots (QDs) have recently emerged as a
promising alternative.*™® Despite significant advances, the
optical properties of InP-based core/shell QDs using the most
commonly used batch synthesis approach are limited to typical
photoluminescence (PL) quantum yields (QY) in the range of
50—70% and line widths in the range of 50—80 nm.”™"* Water-
induced oxidation of the highly oxyphilic InP surface is
considered a major bottleneck for achieving enhanced optical
properties. The presence of carboxylic acids in the most widely
used InP QD synthesis recipe (using silylphosphines'®'®)
promotes oxidation by the formation of water as a ketonization
reaction byproduct.'®'” More recent studies using the
aminophosphine-based synthesis route have yielded oxide-
free InP QDs.'®'? However, despite starting with an oxide-free
InP core, the interfacial phosphorous atoms are subsequently
oxidized during the shelling of core nanocrystals with ZnSe or
ZnS. Prior work by Cossairt et al. showed that even a
thoroughly degassed core/shell synthesis approach yielded in
InP/Zn(Se,S) with phosphorous oxidation as high as 85%.”
As expected, such a high extent of interfacial oxidation
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Scheme 1. Schematic Representation of InP/ZnSe/ZnS Core—Shell Synthesis: Precursor Conversion Reaction to Form InP
Nuclei and Core Nanocrystals, Followed by Shell Passivation with ZnSe and ZnS Layers”
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“The Core/Shell Nanocrystals Undergo an Unintentional Interfacial Oxidation during the Shell Growth Reaction.

product quality and reproducibility.”* The use of continuous
flow synthesis offers an opportunity to overcome these
challenges, which is critical to develop robust manufacturing
technologies for the synthesis of QDs.”*~*’ Prior studies using
flow synthesis for InP-based core/shell QDs resulted in either
lower QYs (<40%) or broad PL line width (>60 nm for red
emission) despite improved heat and mass transfer.””** Two
major reasons that the product quality using flow synthesis
approach significantly lags behind their batch counterpart are
(1) limited reconfigurability of the process, specifically
precursor addition at different points within the reactor, and
(2) the inability of adapt most batch synthesis recipe due to
use of highly viscous solvents such as high concentration of
carboxylate-based precursors for InP synthesis. Flow synthesis
of nanocrystals by design is more amenable to scale up by
simply scaling the reactor volume while maintaining the same
channel diameter. Such scale-up approach will not work for the
most batch synthesis of nanocrystals because at higher reaction
volume, the nucleation, growth, and precursor mixing
conditions will become more sensitive to the heat and mass
transfer imitations. In turn, at larger scales, this will lead to a
loss of nanocrystal product quality as well as poor process
reproducibility. This major advantage of the flow reactor for
scalable nanomanufacturing is one of the major motivations for
developing chemistries that are more suitable for flow
synthesis. The major challenge for nanomanufacturing is to
translate the rich chemistry that has been developed in batch
syntheses into continuous flow platforms, and very often this
translation is not straightforward due to the limited
adaptability of batch synthesis conditions. Simultaneous
optimization of core nucleation, core growth, and a multiple
shelling process is needed for multistep flow synthesis of core/
shell nanocrystals with desired optical and structural properties
(Scheme 1).

In this work, we elucidate the role of interfacial oxidation on
the photoluminescence quantum yield (PLQY) and line width
of the InP/ZnSe/ZnS core/shell nanocrystals. A mechanistic
study of the core/shell reaction products revealed an
unintentional aminolytic reaction as the major source of
phosphorous oxidation. The core/shell nanocrystals are
synthesized using an automated reconfigurable continuous
flow reactor that enables the separation of core nucleation and
growth, followed by sequential shelling steps by introducing
multiple precursor feeds into the reactor channel. The optimal
flow reactor configuration yielded InP/ZnSe/ZnS QDs
exhibiting high PLQY and narrow line width.

B EXPERIMENTAL SECTION

Chemicals. Indium(III) chloride (99.999%), zinc(II) chloride
(>98%), oleylamine (OLAM) (technical grade, 70%), octadecene
(ODE) (technical grade, 90%), anhydrous ethanol (<0.005% water),
anhydrous hexane (<0.001% water), tris-(diethylamino)phosphine
(TDEAP) (97%), selenium powder (100 mesh, 99.99%), trioctyl-
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phosphine (TOP) (>97%), zinc stearate (purum, 10—12% Zn basis),
and stearic acid were purchased from Sigma-Aldrich. All solvents were
degassed and stored inside the glovebox under a nitrogen environ-
ment.

Stock Solution Preparation. Indium Chloride in Oleylamine
(0.2 M). Four millimoles of indium chloride was added to a S0 mL
three-neck flask containing 20 mL of degassed oleylamine inside the
glovebox. The three-neck flask was then transferred to a Schlenk line
for degassing (three cycles of vacuum and nitrogen purge) at 100 °C
for 1 h. The stock solution was then kept under positive nitrogen
pressure at 60 °C under continuous stirring for flow synthesis
experiments.

Zinc Chloride in Oleylamine (1.0 M). Zinc chloride stock solution
was also prepared following a similar step as indium chloride stock
solution, except 20 mmol of zinc chloride was added to 20 mL of
oleylamine inside the glovebox. The stock solution was kept under
nitrogen at 60 °C with continuous stirring after degassing. Before
starting the flow synthesis experiment, 16 mmol of TDEAP was added
to the flask and allowed to mix under continuous stirring.

Zinc Stearate in Octadecene (1.0 M). Twenty millimoles of zinc
stearate was added to a 50 mL three-neck flask containing 20 mL of
octadecene. For the synthesis of QD1 batch: the mixture was heated
until it reached 120 °C and then nitrogen was bubbled through the
mixture for 12 h using a needle; for the synthesis of QD2 batch: the
mixture was heated under vacuum until it reached 120 °C and then
degassed with nitrogen—vacuum cycles for 2 h at 120 °C; for the
synthesis of QD4 batch: the mixture was heated at 120 °C for 2 h
without the degassing step; for the synthesis of QD3 batch: 2 mmol of
stearic acid was added to the zinc stearate and ODE mixture, followed
by similar treatment as outlined for QD2 batch. The zinc stearate-
containing flask was then kept under nitrogen at 120 °C with
continuous stirring.

TOP-Se (1.0 M) and TOP-S (1.0 M). TOP-Se and TOP-S stock
solutions were separately prepared by sonicating, 20 mmol of Se or 20
mmol of S in 20 mL of TOP until a clear and well-dissolved solution
was obtained.

Flow Synthesis of InP/ZnSe/ZnS QDs. Typically, 0.2 M indium
chloride and 1 M zinc chloride (with phosphorous precursor) are
pumped through an inline mixer (maintained at 60 °C), followed by a
nucleation (at 200 °C) and core growth (160 °C) reactor for the
synthesis of InP QDs. In the subsequent reactor stages (four stages in
series), 1 M Se, Zn, S, and Zn stock solutions are pumped to the
reaction channel in a sequential fashion for the ZnSe/ZnS shell
growth reaction. The reactor temperature for shell growth stage is
steadily increased across the reactor from 240 to 300 °C with a step
increase of 20 °C at each stage. At each stage of the reaction, the
reaction mixture is sampled using a sampling valve and characterized
using an inline UV—vis and PL flow cell. The reaction products at
different stages are collected for ex situ characterization [transmission
electron microscopy (TEM), Fourier-transform infrared spectroscopy
(FTIR), 'H NMR, and *'P NMR]. The details of the postsynthesis
treatment and characterizations are included in the Supporting
Information. All process parameters including precursor flow rates,
addition of precursors for shell growth, reaction sampling, inline
characterization, and data analysis are controlled in an automated
fashion using a Matlab script. The details regarding the reactor
configuration, design, sampling, and process parameters are outlined
in the Supporting Information.
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Figure 1. Schematic representation of the reconfigurable automated flow reactor platform showing the three key stages: core nucleation, core
growth, and sequential shell growth using multiple feeds along the reactor channel. A sampling valve and an inline UV—vis and PL flow cell are used
to monitor products at different stages in the reactor. The process parameters (temperature and flow rate of different stages) and data analysis of
the spectra are automated using MatLab.
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Figure 2. Characterization data of InP/ZnSe/ZnS QD synthesized using an optimized reactor configuration. (a) Absorbance spectra of InP core
particles and ZnSe/ZnS shell growth at different stages upon sequential feeding of Se (stage 1), Zn (stage 2), S (stage 3), and Zn (stage 4) to the
shell reactor. (b) Normalized photoluminescence spectra and (c) PL quantum yield and FWHM of shelled quantum dots at different stages of the
shell reactor. (d) TEM images showing nearly monodisperse core InP (average diameter: 2.7 nm), InP/ZnSe (shell thickness: 1.4 nm), and InP/

ZnSe/ZnS (ZnS shell thickness: 0.6 nm).

B RESULTS AND DISCUSSION

Prior to discussing the role of interfacial oxidation on the
optical properties (PLQY and line width) of core/shell InP-
based quantum dots, and the source of in situ oxidation, we
first elucidate on the automated flow reactor platform that
enabled the synthesis of uniform core/shell InP/ZnSe/ZnS
nanocrystals.

Flow Synthesis of InP QDs. To date, several indium and
phosphorous precursors for the batch synthesis of InP QDs
have been reported in the literature.”'®>”™*' Among different
InP chemistries, silylphosphine and indium carboxylate-based
precursors are the most commonly used precursors. However,
the high viscosity of indium carboxylates at high concen-
trations and the high reactivity of the silylphosphines are the
major bottleneck for adapting the silylphosphine-based
chemistry for the flow synthesis of high-quality InP-based
quantum dots.”> The recent development of aminophoshine-
based phosphorous precursors and indium halides-based
indium precursors are ideally suited for flow synthesis due to
the low viscosity of the reaction mixtures.”'”** The lower
reactivity and nonpyrophoric properties of aminophosphine

12327

precursors enable an economical and easy-to-implement
synthesis of InP QDs using flow reactors. Recently, Owen et
al. reported that modifying tris(dimethyl)aminophosphine to
other alkyl-based derivatives can significantly shift the
nucleation-growth kinetics to be limited by precursor
conversion reaction.”® The substituted derivatives of amino-
phosphine precursors’ results in significantly different growth
kinetics pathway compared to the tris-aminophosphine-based
phosphorous precursors. Alternatively, the nucleation-growth
kinetics of InP using tris(diethyl)aminophosphine precursors
can also be tuned by spatial separation of nucleation and
growth using a multistage flow reactor configuration.**
Automated Sequential Shell Growth Flow Reactor.
Figure 1 shows the schematic of the automated modular flow
reactor platform, consisting of three primary components: (i)
automated control of process parameters such as precursor
flow rates, reactor temperature, and precursor concentration;
(ii) automated product sampling and analysis using inline
UV—vis and PL spectroscopy; and (iii) sequential addition of
multiple precursor streams along the shell growth reactor
channel. The reactor modules comprise a core nucleation

https://dx.doi.org/10.1021/acsanm.0c02814
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reactor, a core (InP) growth reactor, and a multistage shell
(ZnSe/ZnS) growth reactor. Custom-designed SMX static
mixers” are housed within the reactor channels for rapid
mixing of the feed streams with the reactant stream.”> A
detailed description of the reactor platform is included in the
Supporting Information (Figure S1).

Utilizing the aforementioned flow synthesis platform, we
synthesized InP/ZnSe/ZnS nanocrystals by first synthesizing
the InP core nanocrystals in the first two stages: (i) nucleation
at high temperature (200 °C) and small residence time (S s)
and (ii) subsequent InP growth at a lower temperature (160
°C) for 20 min. The synthesis conditions: nucleation at a
higher temperature and short residence time and growth at a
lower temperature for longer residence time is based on the
hypothesis that at a higher temperature, the burst of nuclei is
initiated in the reaction for a small reaction time (S s),
followed by growth at a significantly lower temperature, which
would prevent the formation of any additional nuclei and
enable spatial separation of nucleation and growth process.
The precise conditions for the core nucleation and growth
conditions, however, do not represent a statistically optimized
condition. The spatial separation of nucleation and growth,
induced by process parameters, is unique to the flow reactor
configuration and is not feasible in most commonly used hot-
injection-based batch syntheses as has been previously
demonstrated for PbS and CdSe QDs.***° Future work
using similar spatially separated nucleation and growth flow
reactors can allow further improvement and optimization of
the reaction condition. The first absorption maximum of the
synthesized InP nanocrystals using the abovementioned
process parameters appeared at 525 nm (Figure 2a), with an
average core diameter of 2.7 nm (Figure 2d) and absorbance
full width at half maximum (FWHM) of 51 nm, suggesting
high monodispersity in size. In the subsequent stages, shell
precursor streams are mixed in the reactant stream consisting
of InP nanocrystals for shell growth. The ability to
continuously monitor the reaction progress using inline UV—
vis and PL measurements enabled the optimization of the
shelling process by reconfiguring the volume of the individual
shell growth stages, achieved by adjusting the position where
shell precursors are introduced. We hypothesize that a layer-
by-layer uniform shell passivation of core nanocrystals in flow
will yield InP/ZnSe/ZnS quantum dots with high PLQY and
narrow PL line width. By leveraging the inline UV—vis/PL
spectral monitoring of the reaction with the reconfigurable
flow reactor platform, an optimal four-stage shell growth
strategy was achieved: Se precursor fed to stage 1 (240 °C), Zn
precursor fed to stage 2 (260 °C), S precursor fed to stage 3
(280 °C), and Zn precursor fed to stage 4 (300 °C). Previously
reported shell growth processes using flow reactor config-
uration are largely limited by the reconfigurability of the
process. Specifically, all shell precursors are mixed and added
for shell growth in a single-stage reactor.”>*® However, the
high concentration of shell precursors in the reaction mixture
prevents uniform shell growth around the core nanocrystals.
Sequential addition of shell precursors in batch syntheses has
enabled a layer-by-layer growth strategy, yielding core/shell
nanocrystals with very high optical quality.” The reconfigur-
ability of the flow reactor platform presented in this work
allows sequential addition of shell precursors in flow channels
to maintain a low-shell precursor concentration throughout the
shelling process, thus enabling a uniform layer-by-layer shell
growth. Apart from the sequential addition of the shell

precursors, the shell growth temperature is increased steadily
across different stages from 240 to 300 °C to compensate for
the increased surface area of the shelled nanocrystals as the
shelling reaction progresses. Higher reaction temperatures at a
later stage of the shelling process enable increased shell growth
rate and thus maintain lower residence time for the shell
growth stage. The schematic of the optimal six-stage
configuration of the flow reactor platform and reaction
conditions is shown in Figure S3. The passivation of core
InP with the ZnSe/ZnS shell is accompanied with an
incremental red shift in the peak position of the UV—vis
spectra of the product stream after each shell growth stage
(Figure 2a). The UV—vis and PL spectra correspond to the
reaction mixture sampled at different reactor stages. As the
shell thickness increases along the shell growth reaction stages,
the emission peak position shows a significant red shift from
593 nm after stage 1 to 623 nm after stage 4 (Figure 2b). The
shift in the PL peak position is accompanied with a steady
increase in PLQY from 27% at the beginning of the shelling
stage to a maximum of 56% after stage 3 (Figure 2c). The
initial increase in PL of the reaction mixture sampled from
stage 1 corresponds to the ZnSe shell growth, which is initiated
in stage 1 upon reaction between excess zinc precursor present
in the core reaction mixture and Se precursors added to the
reactor channel. Additionally, the red-emitting ZnSe/ZnS
passivated QDs exhibit a narrow PL line width (FWHM ~
50—5S5 nm), a significant advancement compared to prior work
in the flow synthesis of emissive InP-based nanocrystals.”*"
The enhanced PLQY and narrow line width achieved with the
reconfigurable flow reactor platform further highlight the
critical role of the precisely controlled sequential shell growth
strategy for achieving the enhanced optical properties of core/
shell quantum dots.

Correlation between Interfacial Oxidation and
Photoluminescence. Despite extensive synthesis optimiza-
tion of InP-based core/shell QDs, the majority of prior work
reports PL line widths in the range of 50—70 nm and PLQY in
the range of 50—70% for red-emitting QDs. ! 13738 Although
these reports are based on conventional batch synthesis
strategies, our approach of using an optimal flow reactor
configuration for shell growth also yielded InP-based QDs with
PL line widths >50 nm and QYs < 60%. The extent of
interfacial oxidative defects is regarded as one of the most
critical factors limiting the optical properties of InP-based
QDs.

To understand the impact of the oxidized interface on the
optical properties of the shelled QDs, we performed a
systematic study by synthesizing QDs spanning a range of
phosphorous oxidation levels. Four different batches of InP/
ZnSe/ZnS QDs were synthesized (labeled as QD1, QD2,
QD3, QD4). All synthesis conditions, reactor configuration,
and process parameters were kept identical (including InP core
synthesis conditions, shell growth stage temperatures, shell
precursor concentrations), except the treatment of shell
precursor prior to the synthesis: (i) bubbling under nitrogen
overnight (QD1), (ii) standard degassing for 2 h (QD2), (iii)
addition of a small amount of (10% by mole) stearic acid
(QD3), and (iv) preparing precursors without degassing
(QD4). The synthesis conditions and precursor preparation
methods for all of these samples (QD1—4) are outlined in the
Experimental Section (see the Supporting Information). All
QD samples used for ex situ characterization and analysis
(NMR and FTIR) are synthesized using the abovementioned
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Figure 3. (a) UV—vis and PL spectra of different batches of InP/ZnSe/ZnS QDs: QD1, QD2, QD3, and QD4. (b) *'P MAS SSNMR spectra of
the shelled QD batches showing different extents of oxidation. The resonance spectra corresponding to crystalline InP (—200 ppm) and to oxidized
phosphorous (5 ppm) are labeled. The effect of (c) PLQY and (d) emission FWHM as a function of % phosphorous oxidation at the core/shell

interface.

automated flow reactor platform. The shelled QDs, starting
with identical InP core, each exhibited a PL emission peak in
the range of 611—621 nm, suggesting that the core size and the
shell thickness of these QDs remain very similar (Figure 3a).
However, the PL line widths and QYs of these batches varied
significantly from one another in the range of 50—80 nm and
21-53%, respectively. As shown in the prior works, solid-state
NMR (SSNMR) allows for quantitative estimation of InP-
oxidation as it can distinguish between the unoxidized InP and
oxidized InPO, present on the core—shell interface.'” The
separate resonance peaks for unoxidized and oxidized
phosphorous allow quantification of the extent of interfacial
oxidation of InP-based core/shell quantum dots by evaluating
the area under the curve for the resonance peaks observed in
the SSNMR. Figure 3b shows the magic angle spinning (MAS)
*'P NMR spectra of InP/ZnSe/ZnS powder, obtained for the
different batches (QD1—4). Samples for SSNMR analysis were
obtained through an oxygen-free purification, drying, and
packing procedure inside a nitrogen-filled glovebox (see the
Experimental Section in the Supporting Information). As
shown in Figure 3b, the single resonance at —200 ppm
corresponds to the unoxidized phosphorous in the core/shell
QDs. Additionally, the large peak at ~5 ppm corresponds to
the oxidized phosphorous species (InPO,). Moreover, no
residual oxidation is observed in the spectra corresponding to
the InP core only samples (Figure S4), consistent with our
prior work. The oxide-free InP core surface is attributed to the
use of aminophosphine-based chemistry for the synthesis of
core nanocrystals. However, during the shelling process, a
significant amount of interfacial phosphorous is oxidized. The
effective bubbling of the shell precursor solutions with nitrogen
prior to commencing synthesis minimizes interfacial oxidation
(QD1, 41%).> Similarly, a significantly higher oxidation of up
to 64% is observed when the shell precursor solutions are
prepared without the vacuum degassing step prior to synthesis
(QD4). Additionally, the emission peak positions of the
shelled QDs also remain similar (all within the range of 611—
621 nm, Figure 3a), suggesting a similar shell thickness for all
samples, despite different treatment of the shell precursor
solutions prior to shelling. The shelled QD samples (QD1—4)
are thus well suited for a comparative study regarding the effect
of interfacial phosphorous oxidation on PL properties. Since
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the core sizes and shell thicknesses of the synthesized QD
samples remain identical, and the reaction conditions, ligands,
and solvents for the synthesis are similar, any effect on the PL
properties can be attributed directly to the extent of
phosphorous oxidation at the core/shell interface. As shown
in Figure 3¢, an observed increase in oxidation at the core/shell
interface correlates linearly with a decrease in PLQY and an
increase in PL line width (FWHM). Previously, Tessier et al.
reported that oxide-free InP-based QDs exhibit a lower PLQY
compared to equivalent oxidized InP-based QDs.'® The
suppressed emission intensity was hypothesized to be a direct
result of the absence of a phosphate interface in these core/
shell nanocrystals. In contrast, here we observe a drastically
different trend: core/shell QDs with a lower interfacial
oxidation exhibit higher PLQYs and narrower line widths. A
possible explanation for the different trends observed by
Teisser et al. could be their use of different precursors (zinc
halides for oxide-free QDs and long-chain carboxylates for
oxidized QDs), which are not well suited for a direct
comparative study regarding the role of interfacial oxidation.
Alternatively, this different trend in the role of oxidation on PL
properties, reported by Tessier et al, can also be due to the
difference in the extent of oxidation in the core/shell samples
analyzed in their work (two clusters: <3 and 55-60%
oxidation). It is indeed possible that the trend of improved
PL properties with decreasing interfacial oxidation shifts as it
approaches a nearly nonoxidized interface that yields in very
low PLQY. Our observations also explain some of the more
recent reports of oxide-free synthesis of InP-based QDs,
showing that efficient HF etching of the oxide layer prior to the
shelling process is critical to achieve QDs exhibiting near-unity
QYs." The addition of HF along with the injection of shell
precursors is hypothesized to be critical for preventing
reoxidation of the InP surface during shell growth, which is
induced due to an unintentional decarboxylative coupling
reaction of fatty acids.

Origin of Interfacial Oxidation. Due to the presence of
oxyphilic phosphorous in InP-based QDs, most commonly
reported synthesis approaches have yielded InP/ZnSe(S)
nanocrystals with interfacial oxidation in the range of 50—
85%, depending on the starting precursors used in the
synthesis.”’ Prior work hypothesized the source of phospho-
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rous oxidation to be an outcome of an unintentional
decarboxylative coupling reaction of excess carboxylic acid
present during core and shell growth, yielding the equivalent
ketone, carbon dioxide, and water as side products.17 The
primary source of the excess acid in the reaction mixture is
attributed to the use of carboxylic acids for the preparation of
zinc or indium precursors prior to the synthesis. However, the
oxidized InP interface has also been observed for samples
prepared in the absence of excess free carboxylic acid. We
observe similar oxidation during the shelling of unoxidized InP
core with zinc carboxylate salts (Figure 3). The origin of these
high extents of oxidation of InP cores in the absence of
carboxylic acid and water impurities in the reaction mixture
thus remains ambiguous.

To further rationalize the source of unintentional oxidation
during shell growth, we characterized the crude QD products
using attenuated total reflectance (ATR)-Fourier-transform
infrared spectroscopy (FTIR). No major carbonyl stretching
peaks are present in the region of 1700—1780 cm™" of ATR-
FTIR spectra of the crude QD products collected from
different shelled QD samples (QD1—4; Figure 4a). The
presence of any alkyl anhydride, ketone, or carboxylic acid
would exhibit IR peak between 1700 and 1780 cm™.*’ This
confirms the absence of both free acids and any anhydride or
ketone that may form due to the decarboxylative coupling
reactions of free acids. Based on the prior literature on different
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Figure 4. (a) ATR-FTIR spectra of different batches of InP/ZnSe/
ZnS QDs: QD1, QD2, QD3, and QD4. The inset shows the scaled
spectral region between 1660 and 1800 cm™". "H NMR spectra of (b)
synthesized InP/ZnSe/ZnS (QD1), (c) zinc stearate precursor
solution used for shell growth, and (d) InP core only crude solution.
The inset in (b)—(d) shows the NMR spectra, scaled in the region of
interest 4—7 ppm. (e) Schematic representation of the proposed
source of interfacial oxidation: aminolytic reaction between zinc
stearate salt and oleylamine yields an amide and a hydroxide-
containing species, which induces phosphorous oxidation. The
structure of species shown in the reaction is simplified representation
of the molecule.

functional groups, the IR peaks in the region of 1500—3400
cm™! are assigned. The major peaks at 1538, 1642, and 3310
cm™ are attributed to, respectively, the asymmetric C—O
“bond and a half” stretching from the carboxylate salt, C=C
stretching from the octadecene solvent, and N—H stretching
from oleylamine.**~** Additionally, two strong and unexpected
peaks at 1680 and 1694 cm™' are assigned to carbonyl
stretching due to the presence of secondary amides in the
crude shelled QD solution.** Based on prior reports, a possible
route to the formation of these amide byproducts can be the
amidation reaction between free carboxylic acids and oleyl-
amine, thus yielding water as an additional oxidizing product.**
The amide formation is expected due to the presence of excess
carboxylic acids present in the reaction mixture. However, the
absence of any carbonyl stretching peaks from free acid in the
region of 1700—1780 cm™' in the FTIR spectra of shell
precursors (Figure SS) and the crude solution of shelled QDs
eliminate the possibility of amidation between oleylamine and
carboxylic acid to be the key source of phosphorous oxidation
during the shelling process. Additional control experiments
using 'H NMR spectral analysis of the crude InP core product
(Figure 4d), shell precursors (Figure 4c) and the crude
solution of shelled QDs (Figure 4b) also confirmed the
absence of peaks arising from carboxylic acid protons (no
strong resonance with a chemical shift in the region of 8—10
ppm). The NMR spectrum of the shelled QD solution exhibits
a new, strong resonance peak (absent in both core product and
shell precursors NMR spectra) with a chemical shift of 5.8
ppm, typical of protons from an amide product (O=C-NHR).
The neighboring peak with a chemical shift of 5.3 ppm is
assigned to the protons from the C=C bonds in oleylamine
and octadecene. The presence of resonance peaks of the amide
proton in the shelled QD product further confirms our
conclusions based on FTIR spectral analysis.

Based on the evidence obtained from FTIR and NMR, we
propose that an aminolytic reaction of zinc stearate salt (from
shell precursors) with oleylamine (solvent and ligand for InP
core synthesis) forms oleyl stearamide and a—O—Zn—OH
intermediate (Figure 4e). Thus, the unintentional formation of
this hydroxide species during the shelling process is attributed
to be the primary source of oxidation. The hydroxide
intermediate species (—O—Zn—O—H) can further react to
form zinc oxide and water molecules during the shelling
process at elevated temperatures. Prior reports have attributed
the ketonization or amidation reaction of carboxylic acids as
the primary source of phosphorous oxidation.'****** Our
findings suggest that even in the absence of free acids,
significant interfacial oxidation at core/shell interface is
observed, primarily induced by an aminolytic reaction between
carboxylate salt and oleylamine. It is indeed possible that
despite the absence of free carboxylic acids, stearate salts in
equilibrium with oleylamine can form a stearate—oleylammo-
nium pair, which can then react at high reaction temperatures
to yield an amide and a hydroxide species, which is primarily
responsible for the oxidation of InP during the shell growth.
The strong correlation between the interfacial oxidation and
optical properties further implies that future studies for
synthesizing QDs exhibiting high PLQY should focus on
identifying alternate synthesis recipes. Avoiding aminolytic side
reaction would require InP core synthesis recipes that do not
require primary amine as solvent or ligand. However, primary
amine is also required for the InP precursor conversion
reaction in which aminophosphine precursors undergo a 3-fold
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transamination to form InP monomers for nucleation and
growth.'”?” Identifying InP-based chemistry that is free of
primary amines and carboxylates thus remains challenging but
critical to develop a robust and HF-free synthesis strategy for
manufacturing of high-quality InP-based core/shell QDs.
Similar aminolytic reactions at elevated reaction temperatures
have also been reported as efficient routes for the synthesis of
metal oxide nanostructures*® and indium oxide shell around
the InP core nanocrystals.” Our findings also explain the high
extent of surface oxidation observed in other classes of
semiconductor nanocrystals, such as ZnTe and ZnTe/ZnSe
QDs in which primary amines and carboxylate salts are

abundantly present during synthesis at elevated temper-
21,22

B CONCLUSIONS

In summary, we demonstrated a systematic investigation into
the interfacial oxidation of the core/shell quantum dots using
SSNMR revealed a linearly declining trend in the optical
properties (PLQYs and line widths) of InP-based core/shell
quantum dots with an increase in the extent of interfacial
oxidation, in contrast to hypotheses reported previously. The
high extent of interfacial oxidation (>40% phosphorous) thus
limits the synthesis of core/shell QDs exhibiting higher
PLQYs. Additional study of the reaction products using
ATR-FTIR and 'H NMR spectroscopy revealed that even in
the absence of free carboxylic acids, an aminolytic reaction
between oleylamine and carboxylate salts acts as the primary
source of hydroxide intermediate species, responsible for the
oxidation of the oxide-free InP core during the shelling
process. The aminolytic reaction pathway proposed in this
work also addresses the high extent of oxidation observed in
several other heavy-metal-free quantum dots such as ZnTe/
ZnSe, a major bottleneck for achieving high PLQYs for Cd-free
QDs.

The synthesis of InP/ZnSe/ZnS QDs that exhibit narrow
photoluminescence line widths (~S0 nm) and high-quantum
yields (>50%) is enabled by an automated reconfigurable
continuous flow reactor platform. Future work will focus on
identifying statistically optimized reaction conditions for core
growth (separation of nucleation and growth in flow) and shell
growth (sequential addition of precursors in flow) reactions to
further improve the photoluminescent properties of InP-based
quantum dots. Notably, the reconfigurability of the platform,
integrated with inline product monitoring, allows for sequential
growth of shell materials on core nanocrystals in an efficient
and reproducible fashion, a significant advance in continuous
flow layer-by-layer growth of nanocrystals.

The insights learned from this work pave the way for future
studies in the area of synthesis of oxyphilic nanocrystals well
beyond InP-based core/shell materials, which should focus on
identifying alternate synthesis recipes that avoid the presence
of an amine-carboxylate pair, thus preventing surface and
interfacial oxidation. Furthermore, oxide-free interfaces are
critical to achieve enhanced optoelectronic properties of heavy-
metal-free semiconductor nanocrystals for applications ranging
from bioimaging, solar cells, and display technologies.
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