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The multistep and continuous production of core-shell IlI-V
semiconductor nanocrystals remains a technological challenge.
We present a newly designed high-temperature and miniature
continuous stirred-tank reactor cascade, for the continuous and
scalable synthesis of InP/ZnS core-shell quantum dots with a
aminophosphine precursor comparing to
protocols involving (TMS)sP. The resulting InP/ZnS QDs exhibit
emissions between 520 and 610 nm, narrow emission linewidths
in the range of 46-64 nm and photoluminescence quantum yields
up to 42%.

safer standard

Colloidal quantum dots (QDs) have received huge attention as
luminescent materials for a wide range of applications
including, optoelectronic devices,"* biological imaging,**
photocatalysis,® and photovoltaics,” driven by their unique
and synthetically tunable optical and electronic properties.®’
In the past twenty years, many of the reaction pathways
added to the synthetic toolbox for nanocrystals have involved
toxic heavy metals, e.g., Cd, Pb and Hg.'>'" Typical examples
are II-VI and IV-VI QDs including CdX- and PbX-based
materials (where, X = S, Se, Te).'® The three main reasons for
the development of Cd- and Pb-based QDs are: a) the
moderate reaction conditions for their synthesis with
relatively short reaction times, b) the well-studied reaction
mechanisms and c) the variety of available sophisticated
chemical strategies."”

The main less toxic alternatives include the III-V
semiconductor QDs, and in particular indium phosphide
(InP) QDs.” To enhance the photoluminescence (PL)
properties of III-V semiconductor QDs, it is common to
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design core/shell heterostructures such as InP/ZnE (E = S,
Se),”>™® or double shell heterostructures, such as InP/ZnSe/
ZnS."?° Such nano-heterostructures exhibit PL quantum
yields (QYs) in the range of 20-95% and emission linewidths
in between 35-80 nm.'? Although there are noteworthy
advances in their synthesis, their adoption in various
applications lags behind II-VI and IV-VI QDs. One of the
main challenges in the synthesis of III-V compounds is
obtaining a wider size range of particles exhibiting quantum
confinement effects and high QYs, while keeping the size
distribution low. This difficulty is in part resulting from their
strongly covalent nature, requiring highly reactive precursors
and high temperatures.*'

To date, the majority of studies for the synthesis of InP
QDs have been focused on the use of a highly reactive
phosphorus precursor, tris(trimethylsilyl)phosphine ((TMS);-
P).">*" However, (TMS);P is a highly pyrophoric and
expensive compound. Moreover, a highly toxic gas,
phosphine, is released upon contact with moist air.*>*?
Consequently, recent studies have explored replacing the
(TMS);P precursor with other economic and “greener”

precursors, including P,>*** PCl; (ref. 25) and
tris(dialkylamino)phosphines.>*22% In particular,
aminophosphines have emerged as safer and more

economical precursors to produce InP-based QDs with
similar PL properties as those prepared by standard protocols
involving (TMS);P. The combination of tris(dimethylamino)
phosphine [(DMA);P] with InX; (Cl, Br, I) in oleylamine
(coordinating solvent) and the subsequent surface
passivation with wider bandgap materials, such as ZnS, ZnSe
or ZnSeS/ZnS, leads to the formation of core-shell structures
with narrow emission linewidths (37-63) and relatively high
PL QYs (20-70% for core-shell QDs,*****® and 87% for green
double-shell InP/ZnSeS/ZnS QDs>°). Although such processes
provide “greener” routes to the generation of nanomaterials,
their potential scale-up from mostly laboratory batch
procedures remains a challenge.*® To fully exploit synthetic
methodologies, which are sustainable and at the same time
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employing “green” chemistry considerations, it will be
necessary to design alternative continuous processes.

Flow chemistry has attracted significant interest in the
area of chemical®® and material synthesis.’® Various flow
chemistry systems have been proposed for the synthesis of
a wide range of molecules and materials, primarily based
on continuous or droplet-based formats.***> Compared to
flasks, flow reactors allow for rapid heat and mass
transfer, reduced sample/reagent consumption, operational
safety and product reproducibility due to the inherent
control of reaction parameters.’*>* In particular, modular
flow chemistry platforms allow for the rapid screening of
reaction parameters, reaction optimization, handling of
hazardous reactions and scalable production of chemicals
and various types of nanomaterials.*® In this direction,
different reactor configurations have been constructed
based on commercial tubes and fluidic connectors or
microfluidic chips for the production of numerous types
of semiconductor nanocrystals.**> However, most flow
systems only consider single step reactions and are
limited by issues related to pressure drop (low flow rates
of precursors, viscous solutions) and occasionally to the
formation of gaseous side products (inconsistent flow
distribution).**

There are a few reports proposing flow chemistry
platforms for QD synthesis with multistep capabilities, but
they are mostly limited to chip-based or tube-based flow
reactors.>*>° A recent example is the use of a series of
microfluidic devices with complex architectures to prevent
secondary nucleation of particles, while minimizing pressure
drop.*® The latter strategy was recently proposed for the
synthesis of III-V nano-heterostructures, using (TMS);P as
the phosphorous precursor. A more recent example for the
safer and economic synthesis of InP QDs with
aminophosphines was demonstrated by Akdas et al., where
the authors used a continuous flow reactor.*’ The synthesis
of InP QDs was possible, however issues related to the
formation of gas by-products and the need of longer reaction
times limited the synthetic potential of the microfluidic
platform.

Miniature stirred tank reactor (CSTR)
cascades have been proposed as an additional tool in the
library of flow configurations for chemical
transformations.”*™** Such flow formats have advantages
comparing to tube- or chip-based reactors, including solid
handling, active mixing, facile multi-dosing of reagents,
applicability to reactions requiring long residence times,
versatility in multiphasic reactions and flexibility for
reaction scale-up.”> Recently, we demonstrated the
efficiency of 3D printed miniature CSTR cascades in
synthesizing  gluconolactone-capped polyethylenimine-
modified silica NPs in a multistage and fully continuous
manner.’® At the same time, it was possible to handle
highly viscous solutions, decrease processing time down to
10 min (compared to several hours per days) and
reproducibly control surface properties.

continuous
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Herein, we introduce a series of micro-sized CSTRs for the
multistep and high-temperature colloidal synthesis of InP/
ZnS QDs using the safer and cost-efficient aminophosphine-
derived QD synthesis. Importantly, the novel flow chemistry
platform allows for an independent control of temperature
and stirring rate of precursors in each CSTR unit. This is
essential for designing processes with various heating and
mixing needs. The synthesized QDs exhibit PL QYs reaching
42% and emission linewidths are in the range of 54-62 nm,
which are in agreement with well-established flask-based
methodologies. In addition, their emission spectra can be
tuned between 520 nm to 610 nm, by a systematic variation
of halide content. We demonstrate the efficiency of the
platform in monitoring the effect of reaction time,
temperature, molar ratios of precursors and shell thickness.
With this approach, we aim to deliver a safer, cost-efficient,
and scalable continuous process for the formation of indium-
based QDs for their subsequent use in optoelectronic
applications.

The CSTR flow platform is illustrated in Fig. 1 (see Fig.
S1t for an image of the experimental setup and additional
details for the experimental procedure). As shown in Fig. 1b,
in the first CSTR unit, there were two feeds. Prior to the first
feed, there were two T-junctions (P-727, IDEX Health &
Science LLC, USA) and two shut-off valves (ethylene
tetrafluoroethylene, P-733, IDEX Health & Science LLC, USA),
to combine and select the input streams. The input streams
consist of (a) a liquid stream (precursor solutions - indium
and zinc sources) for conducting reactions, together with a
pure solvent — octadecene for cleaning the CSTR cascade after
reaction completion and (b) a gas stream (argon) for ensuring
an inert atmosphere inside the CSTR units. On and off
position of the valves defined the stream injected into the
CSTR cascade. For the second feed (Fig. 1b), a liquid stream
of tris(diethylamino)phosphine was injected into the CSTR
unit for initializing the reaction. After purging the platform
with argon for 1-2 minutes, octadecene was used for filling it
up prior to the synthetic procedure. At that point, the
platform was rotated vertically to eliminate the potential
accumulation of argon bubbles in the reaction units. The
solutions of InCl,/ZnCl,, P and ZnlI, were then injected into
the first CSTR. The mixing performance of the CSTR cascade
was assessed by comparing the outlet concentration profile
to the residence time distribution (RTD) of the ideal CSTRs
in a series model.”> Fig. S21 illustrates the experimental
system for the RTD measurements. The ideal and measured
RTD profiles show high consistency for both horizontal and
vertical orientation of the setup and at various flow rates,
similar to the those used for the experiments (Fig. S31).

For the synthesis of InP cores, the number of the CSTRs
was altered between three and five depending on reaction
time and synthetic process (core-only synthesis or core/shell
synthesis). The synthesis of InP cores was conducted through
a variation of reaction times (5-60 min) and operating
temperatures (160-200 °C). Again, depending on the
synthetic procedure, a solution of sulfur was injected

This journal is © The Royal Society of Chemistry 2021
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(a) Exploded view CAD drawing of a CSTR unit. From top to bottom, it consists of a stainless-steel cover, a borosilicate glass window or

another stainless-steel cover, fluidic ports, a polytetrafluoroethylene (PTFE) stirring bar, a PTFE coated-stainless steel chamber, a magnetic holder
and two magnets, and an integrated motor. (b) Sketch of the miniature CSTR cascade design, with multiple CSTRs in series attached on an
aluminum block. The aluminum block can be rotated for altering platform's orientation (vertical and horizontal). Various precursor solutions,
solvents and argon stream can be injected at different stages of the process. A UV-vis detector is attached at the reactor outlet for reaction
monitoring. (c) The synthetic protocol describing the synthesis of the InP cores and the subsequent surface passivation with ZnS. (d) Image of InP/

ZnS QD solutions, showing bright emission under UV excitation (405 nm).

between the 3rd and 6th CSTR for the formation of InP/ZnS
QDs. The total number of CSTRs used for the synthesis of
InP/ZnS QDs were between six and eight. For the synthesis of
InP/ZnS nanocrystals, reaction time was varied between 10-
60 min and temperature between 240-320 °C. The synthetic
procedure and some indicating reaction parameters are
demonstrated in Fig. 1c. Solutions of InP/ZnS emitting in the
green and yellow region of the visible spectrum are depicted
in Fig. 1d.

InP QDs were synthesized based on a modified synthetic
protocol.’>"” The size of the synthesized QDs is strongly
dependent on the halide source. For our purpose, InCl; was
used as the indium precursor. ZnCl, was also used to
facilitate InP growth and at the same time to further tune the
size of the synthesized InP/ZnS QDs (by introducing ZnlI, as
the additional Zn source for the overcoating and for size
tuning). Initially, the potential of running reactions at lower
precursor concentrations than those reported in the
literature,®>® would be useful for reaction screening and
minimizing material consumption. However, it is known that
decreasing the precursor concentrations leads to broader
particle size distributions.** To explore this issue, different
batch experiments were conducted at 180 °C for 30 min,
where precursor concentrations were decreased by 2-4 times
and aminophosphine is diluted by 3-5 times using
octadecene. By comparing the absorbance spectra of the
produced InP QDs (Fig. S4f) with those obtained from

This journal is © The Royal Society of Chemistry 2021

standard synthetic protocols,** there is no observable effect
on the excitonic peak. For this reason, we decided to conduct
all our experiments with a 2-times decrease of precursor
concentrations and 5-times dilution of the aminophosphine
precursor.

With the intent to monitor reaction parameters, which
could be applicable for the flow synthesis of InP QDs, we
used the high-temperature CSTR cascade with 3 or 6 CSTR
units. The number of CSTRs was relevant to the targeted
reaction times. In-to-P molar ratio, reaction time and
temperature were initial parameters to monitor. The CSTR
cascade was rotated vertically for all the experiments during
InP QD synthesis because of the formation of gaseous side-
products from the redox reactions occurring during the
formation of InP cores.”**® Rotating the platform vertically
prevented any accumulation of gas side-products inside the
CSTR units, which could otherwise reduce residence time
and adversely affect product quality. QDs grown in the
horizontal position showed wider emission linewidths that
those synthesized in the vertical arrangement (see Fig. S57).
By adjusting temperature between 160 and 220 °C, reaction
time in the range of 5-30 min and In-to-P molar ratio
between 2.1 and 4.9 (Fig. 2 and S6f), it was possible to
successfully synthesize InP QDs exhibiting absorption spectra
between 550-590 nm. The optimal parameters for generating
InP QDs with satisfactory size distributions (qualitative
assessment based on the absorption exciton peaks, Fig. 2a)

React. Chem. Eng., 2021, 6, 459-464 | 461
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Fig. 2 (a) Absorption spectra of InP QDs at different P-to-In molar
ratios. Other parameters were fixed: T = 180 °C, reaction time = 30
min. (b) Absorption spectra of InP QDs at different reaction times.
Other parameters were fixed: T = 180 °C, P-to-In = 3.6.

were In-to-P molar ratio of 3.6 and a temperature of 180 °C
(see Fig. S71 for absorbance spectra of InP QDs with the
extracted optimal parameters and a transmission electron
microscopy (TEM) image of the synthesized particles).
Reaction time could be adjusted for size tuning of the InP
cores (Fig. 2b). With an indium concentration of 0.05 M and
a typical reaction time of 25-30 min, the throughput of InP
QDsis 1.2 gh™.

To enhance the PL properties of the synthesized InP QDs,
we further used the CSTR cascades for the formation of InP/
ZnS core/shell morphologies. InP cores with various
controlled diameters, either by reaction time adjustment or
by halide content, were continuously flowed into the shell
formation CSTR units without incorporating any additional
purification process. For these experiments, it was necessary
to use 3-4 CSTR units for the core formation and then
between 3 and 5 CSTR units for the shell formation. To allow
the overcoating of ZnS shell, ZnI, was injected together with
ZnCl, as the Zn source. The Cl-to-I ratio was used as a tuning
parameter for particle size. In general, increasing Cl content
leads to the red-shift of absorption and PL spectra.*>*’ In
addition, sulfur was further injected after core formation for
initiating the ZnS shell formation. The number of injections
and position could be altered based on the experimental
needs (time for shell formation, sulfur content and
temperature of injection).

Using the high-temperature multistage CSTR cascade, we
successfully synthesized InP/ZnS core/shell nanostructures
with emission colors from blue to red. The flow reactor
allows for continuous generation of core/shell morphologies
with different sizes and PL properties avoiding issues related
to undesired back-flow. In a typical synthesis, the
temperature of the shell-formation CSTR units was fixed
between 250-320 °C, and the residence times were altered
between 15 and 30 minutes depending on the flowrate of the
solution containing the InP cores (the reaction time of the
core synthesis was altered between 10-30 min). In addition,
the effect of Cl-to-I and S-to-Zn molar ratios on PL and
absorption spectra was thoroughly investigated. The product
output was monitored by a customized optical device (see
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ESIt for additional details) to characterize the absorption
and emission of the InP/ZnS QDs in-line. In addition, the
formation of InP/ZnS QDs was confirmed by TEM
characterization (see Fig. S8 and S9f), indicating the high-
crystallinity of the synthesized QDs with lattice fringes of
0.32 nm. Fig. 3a shows the emission spectra of three InP/ZnS
core/shell QDs. Another critical parameter during InP/ZnS
synthesis is the S-to-Zn molar ratio, which was adjusted
between 1 and 4 (see ESIt for additional figures, Fig. S10 and
S11t) and its effect was examined on the synthesized
particles. After synthesizing InP/ZnS QDs with different sulfur
content, we concluded that an S-to-Zn molar ratio equal to 2
is necessary for achieving optimum optical spectra. By
varying the Cl-to-I content, it was possible to tune the PL
peaks of those samples at different positions, i.e., at 526 nm,
552 nm and 578 nm. By introducing higher contents of
iodide in the reaction system, the PL peaks were blueshifted
(see ESL} Fig. S12 and S13 for additional PL spectra). The
full-width-at-half-maximum (fwhm) of those peaks were 46,
56 and 58 nm, respectively. The narrow emission linewidths
reported are comparable to the state-of-the-art emission
linewidths using batch methodologies and indicate the
advantages of the CSTR cascade on handling long residence
times and reactions generating gaseous-side products.

Fig. 3b also indicates the blueshift of absorption excitonic
peaks of four other core/shell samples with higher iodide
contents (molar ratios in the range of 0.8 to no iodide), while
keeping temperatures (Teore = 180 °C and Tgpey = 290 °C)
together with reaction time (feore = 10 min and fghey = 11

——Cll=1

| «—Cl
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450 500 550 600 650 700
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b T T T T
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Fig. 3 (a) PL spectra of InP/ZnS QDs while varying the Cl-to-l molar
ratio. The PL peaks were positioned at 526 nm, 552 nm and 578 nm.

(b) Absorption spectra of InP/ZnS QDs by changing iodide and chloride
content.
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Fig. 4 (a) Normalized PL spectra, (b) emission linewidths, and (c) QY,
of InP/ZnS QDs at different shell formation temperatures between
270-310 °C. Other reaction parameters we remained constant (Tcore =
180 °C, teore = 13 min, tgpey = 15 min, S-to-Zn = 2 and Cl-to-1 = 6).

min) fixed. The absorption peaks were positioned at 428, 439,
458, 495 and 548 nm.

To gain further insights of the reaction process, we
evaluated the effect of shell formation temperature on
product characteristics (PL and QYs) and particularly on shell
thickness. By precisely maintaining the shell formation
temperature between 270 °C and 310 °C and by keeping all
other reaction parameters constant (Tcore = 180 °C, teore = 13
min, fgen = 15 min, S-to-Zn = 2 and Clto-l = 6), we
successfully obtained InP/ZnS QDs with different shell
thicknesses using the same flowing InP cores (Fig. 4). At the
same time, we investigated the effect of temperature on PL
peak position, emission linewidths and QY. As shown in
Fig. 4a, when the temperature is increased, the PL peak
position slightly blueshifts from 563 nm to 558 nm (Fig. S147
demonstrates the PL peak position change by increasing shell
formation temperature) providing evidence of ZnS monolayer
addition. During ZnS deposition on InP core, the addition of
sulfur (TOP:S) at elevated temperatures did not alter
significantly PL peak position, meaning that surface etching
(PL peak blue shift) was not significant. This is in line with
previous studies reporting the synthesis of InP/ZnS with TOP:
S.*® In addition, due to relatively low reactivity of zinc
precursors, InP/ZnS QDs synthesized at 270 °C and 280 °C
exhibit low energy tails, which indicate trap emission.*® Such
low energy tails suggest incomplete ZnS shell overcoating
and it is in direct correlation with the corresponding
emission linewidths and QYs (below 25%) of the samples
(Fig. 4b and c).

When a thicker shell was formed on the InP cores (290 °C),
the tail almost disappeared, fwhm reached its minimum at 56
nm and QY of the synthesized samples reached its maximum at
42% (Fig. 4b and c). This behavior was also reflected by higher
PL intensities. However, when the temperature was increased
up to 310 °C (thicker shells), the emission linewidths and QYs
were decreased and remained relatively stable at ~60 nm and
~22%, respectively. Similar to a previous study,*® this effect is
supposedly due to the strain effects (higher lattice mismatch of
InP/ZnS - 7.8% comparing to InP/ZnSe - 4.9%) and surface
defects after a specific number of monolayers deposited on the
surface of InP cores. A more effective strategy for enhanced

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

passivation of InP cores would require a double-shell strategy,
first by depositing a ZnSe or ZnSeS shell and then by a
subsequent deposition of a thin ZnS shell.

Conclusions

In summary, we presented a high-temperature CSTR cascade
able to perform multistep reactions to synthesize InP/ZnS
QDs, using a “greener route” and in a fully continuous
manner. Importantly, the proposed methodology allows for
the controlled injection of multiple precursors, handling of
long reaction times (in the range of several minutes to hours)
and at the same time it overcomes limitations associated
with the generation of gaseous side products (they can be
deleterious for the product quality). In addition, due to the
enhanced mixing and heating efficiencies in each CSTR unit,
it is possible to intensify the synthetic process shortening the
total processing time from several hours to approximately 30
min. This newly-designed platform allowed for the
continuous synthesis of InP/ZnS QDs exhibiting emissions
between 520-610 nm and featuring emission linewidths with
a fwhm in the range of 46-64 nm. Such optical properties are
comparable to those obtained from state-of-the-art batch
synthetic protocols using (TMS);P or aminophosphine
precursors. Finally, by precisely controlling the reaction
parameters and subsequently the deposition of ZnS on InP
cores, we managed to form core/shell nanostructures
exhibiting QYs up to 42%. Parallelizing this continuous
process will further increase production throughput to be
commensurate with that of state-of-the art flask reactor
methodologies. To further improve the PL QY of III-V core/
shell structures in a continuous and “greener” route, further
studies would include the incorporation of an inner shell
such as ZnSeS, which can effectively address issues related to
the large lattice mismatch between InP and ZnS.
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