
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
6:

50
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Continuous man
aSchool of Materials Science and Engineering

30332, GA, USA
bSchool of Chemical and Biomolecular Engi

Atlanta 30332, Georgia, USA
cGeorgia Tech Research Institute, Georgia

Georgia, USA. E-mail: zhitao.Kang@gtri.gat
dDepartment of Chemical and Biomolecu

Singapore, Singapore 117585, Singapore. E-

† Electronic supplementary informa
https://doi.org/10.1039/d2na00744d

‡ Co-rst authors.

Cite this: Nanoscale Adv., 2023, 5,
2038

Received 25th October 2022
Accepted 22nd February 2023

DOI: 10.1039/d2na00744d

rsc.li/nanoscale-advances

2038 | Nanoscale Adv., 2023, 5, 203
ufacturing of highly stable lead
halide perovskite nanocrystals via a dual-reactor
strategy†

Shuang Liang,‡ab Gill M. Biesold,‡a Mingyue Zhuang,‡ad Zhitao Kang,*c Brent Wagnerc

and Zhiqun Lin *ad

Lead halide perovskite nanocrystals possess incredible potential as next generation emitters due to their

stellar set of optoelectronic properties. Unfortunately, their instability towards many ambient conditions

and reliance on batch processing hinder their widespread utilities. Herein, we address both challenges by

continuously synthesizing highly stable perovskite nanocrystals via integrating star-like block copolymer

nanoreactors into a house-built flow reactor. Perovskite nanocrystals manufactured in this strategy

display significantly enhanced colloidal, UV, and thermal stabilities over those synthesized with

conventional ligands. Such scaling up of highly stable perovskite nanocrystals represents an important

step towards their eventual use in many practical applications in optoelectronic materials and devices.
Introduction

Metal halide perovskites, with the general structure ABX3, have
recently been recognized for their tremendous potential in
optoelectronic applications, including LEDs,1,2 photodetec-
tors,3,4 scintillators,5,6 solar cells,7–9 etc. Lead halide perovskite
nanocrystals (PNCs) have been demonstrated to possess an
array of intriguing optical properties,10 including a high pho-
toluminescence quantum yield (PLQY),11–13 narrow full width at
half maximum of emission (FWHM),14,15 widely tunable emis-
sion wavelength,5,16 and high defect tolerance.17,18 Additionally,
PNCs can be synthesized at room temperature under ambient
conditions,19–21 which stands in stark contrast to the air-free and
high temperature synthesis conditions needed for conventional
semiconductor quantum dots (i.e. CdSe,22 PbSe,23 CdTe24).
Despite these encouraging properties, their widespread use
remains hindered by their poor overall stability and their reli-
ance on batch processing techniques. In particular, PNCs
demonstrate poor moisture,25 thermal,26 and UV27 stabilities.
PNCs also oen suffer from poor colloidal stability due to the
dynamic bonding nature of conventional ligands (usually oleic
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acid and olelyamine).28 Additionally, PNCs are most oen
synthesized through batch techniques (e.g. hot injection29 and
ligand assisted reprecipitation (LARP)21,30), and while these
methods produce high-quality PNCs, a shi towards contin-
uous manufacturing is needed to realize their commercial
potential.

Numerous methods have been used to increase the stability
of PNCs, including incorporation of PNCs in silica,31 alumina,32

zinc stearate.33 Integrating PNCs with a variety of polymer
matrixes has also been demonstrated to improve stability.34 One
of the most promising techniques to synthesize highly stable
colloidal PNCs is to capitalize on amphiphilic star-like block
copolymers as templates.35–37 These nanoreactors are comprised
of inner poly(acrylic acid) (PAA) and outer polystyrene (PS)
blocks and form unimolecular micelles in solution state. The
inner PAA blocks can coordinate with perovskite precursors to
template nanocrystal growth, while the outer PS blocks enable
solubility in organic solvents. Notably, these PS chains are
permanently ligated to the surface of the nanocrystals via their
covalent bonded with the inner PAA blocks.38 The permanence
of these ligated chains imparts better colloidal stability than
that is afforded by the dynamically bound ligands in conven-
tional colloidal synthesis.39

To promote perovskite nanomaterials towards commercial-
ization, progress beyond batch synthesis is highly desirable.
Some pioneering works have developed continuous
manufacturing techniques. CsPbX3 (ref. 40 and 41) and FAPbX3

(ref. 42) PNCs have been synthesized using microuidic ow
systems, where precursor solutions were mixed in droplets
dispersed in an inert oil medium. Cs4PbBr6 PNCs with excellent
optical properties were synthesized using an apparatus con-
sisting of concentric rotating cylinders that resulted in Couette–
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00744d&domain=pdf&date_stamp=2023-03-25
http://orcid.org/0000-0003-3158-9340
https://doi.org/10.1039/d2na00744d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00744d
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005007


Fig. 1 (a) Stepwise representation of route to star-like PAA-b-PS
diblock copolymer nanoreactor and the resulting PS-capped CsPbBr3
nanocrystal. (b) Schematic diagram of dual flow/nano reactor
apparatus.
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Taylor ow.43 MAPbX3 PNCs have also been synthesized using
conventional ow reactors.44,45 In a previous work, we developed
a ow reactor system to synthesize high PLQY 2D (PEA)2PbX4

(PEA = phenylethylammonium, X= Br, I) Ruddlesden–Popper
perovskite nanoplatelets.46 Notably, while all these continuous
production methods can manufacture high-quality PNCs, the
nal products still suffer from perovskite's characteristic poor
environmental stabilities. Thus, the continuous production of
stable PNCs remains an urgent need, and the integration of
novel star-like block copolymer nanoreactors into ow reactors
offers an exciting solution to this end.

Herein, we demonstrate the continuous synthesis of highly
stable PNCs by incorporating amphiphilic star-like block
copolymer nanoreactors into a continuous ow reactor. Such
amphiphilic star-shaped block copolymers are rst synthesized
by sequential atom transfer radical polymerization (ATRP) of
brominated b-cyclodextrin macroinitiators. These nanoreactors
are then loaded with perovskite precursors and introduced into
a house-built ow reactor. The synthesis of PNCs was then
optimized by rst surveying the ideal antisolvent for high
quality PNC formation. The injection owrate of that anti-
solvent (Qantisolvent) was then optimized at a xed precursor
solution injection rate (Qprecursor). Subsequently, an ideal
Qprecursor was determined by varying Qprecursor with Qantisolvent

held constant. Finally, the optical properties, morphology, and
stabilities of the templated PNCs were compared to
continuously-produced PNCs synthesized from conventional
oleic acid and olelyamine (OA/OAm) ligands. Notably, the
templated PNCs displayed a similar PLQY to and signicantly
enhanced colloidal, UV, and thermal stabilities over the control
OA/OAm-co-capped PNCs.

Results and discussion

As noted above, the use of amphiphilic star-like block copol-
ymer nanoreactors is key to achieving highly stable PNCs. The
nanoreactors were synthesized using methods from previous
literature,35,36,47 and detailed procedures to synthesize the star-
like block copolymers are available in the ESI.† Fig. 1a depicts
the route to PNCs by capitalizing on amphiphilic star-like block
copolymer as nanoreactor. First, ATRP macroinitiators were
synthesized by brominating b-cyclodextrin (b-CD) with a-bro-
moisobutyryl bromide (BiBB). Because b-CD possesses seven
glucose subunits (and each of those has 3 OH groups), the nal
brominated b-CD will have 21 bromine terminals for ATRP
initiation. Blocks of poly(tert-butyl acrylate) (PtBA) were then
grown via ATRP (upper third panel; Fig. 1a). Once the PtBA
blocks were graed, polystyrene (PS) blocks were subsequently
grown from the inner PtBA blocks (upper right panel; Fig. 1a).
Aerwards, the inner PtBA was hydrolyzed to form poly(acrylic
acid) (PAA) (lower right panel; Fig. 1a). This step is necessary as
PAA cannot be directly synthesized via ATRP because the
carboxyl groups in PAA coordinate too strongly with the neces-
sary copper catalyst, preventing any signicant chain growth.48

The carboxyl groups on the inner PAA blocks have also been
demonstrated to coordinate with metal moieties in nanocrystal
precursors,35,36,39,48,49 which enables facile NC formation within
© 2023 The Author(s). Published by the Royal Society of Chemistry
the compartment occupied by PAA blocks of star-like PAA-b-PS
block copolymer as nanoreactor. Gel permeation chromatog-
raphy (GPC) traces and proton nuclear magnetic resonance (1H-
NMR) spectra of each step of the process are shown in Fig. S1
and S2a–c.† The complete 21 arm star-like polymer nano-
reactors were then dissolved in DMF with perovskite precursors
(i.e., PbBr2 and CsBr) and stirred to allow for coordination of the
precursors with the carboxylic acid groups in the PAA. As
a result, precursors are conned in the space taken by the PAA
core. Once loaded, PNCs can easily be produced (i.e., PS-capped
PNC; lower le panel, Fig. 1a) by adding the nanoreactor/
perovskite precursor solution (i.e., perovskite precursors-
loaded nanoreactor; lower central panel, Fig. 1a) into
a nonpolar antisolvent (e.g. toluene), spurring crystallization in
a modied ligand-assisted reprecipitation (LARP) technique,
i.e., precursors quickly coprecipitate in toluene within the inner
PAA compartment. The mechanism of the formation of PNC
inside the nanoreactors has been detailed in our previous
work.46

A variety of solvents were explored to determine the ideal
antisolvent for PNC synthesis (i.e., CsPbBr3). Using a modied
LARP technique (noted above), 50 mL preloaded nanoreactor
solution was dropped into 10 mL vigorously stirring toluene,
chlorobenzene, dichloromethane, chloroform, and hexane. The
optical properties of the CsPbBr3 PNCs yielded from this tech-
nique were then compared, as seen in Table S1.† Using toluene
as an antisolvent resulted in PNCs with the highest PLQY, fol-
lowed by chlorobenzene and chloroform/dichloromethane.
Using hexane as an antisolvent did not yield PNCs with any
detectable emission. The vastly different properties from each
antisolvent can be attributed to the polarity of solvent, which
Nanoscale Adv., 2023, 5, 2038–2044 | 2039
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Fig. 2 (a) Effect of Qtoluene on PLQY and (b) emission peak position of
PS-capped CsPbBr3 PNCs via capitalizing on star-like PAA-b-PS as
nanoreactor and OA/OAm-co-capped CsPbBr3 PNCs (control
sample).
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may cause degradation of perovskite, and interaction of solvent
with the outer PS ligands, which may induce uncomplete or no
crystallization. The ionic crystal nature of perovskite renders
them susceptible to be degraded in the presence of polar
solvents,50 leading to the observed drop in PLQY with increasing
polarity of solvents (from toluene (9.9) to chlorobenzene (18.8)
to dichloromethane (30.9)/chloroform (25.9)).51 Because chlo-
robenzene, dichloromethane, and chloroform are good solvents
for PS, they can easily reach the surface of the PNC and trigger
degradation. The lack of photoluminescent performance from
PNCs made with hexane can be ascribed to the fact that PS is
insoluble in hexane.52 For the covalently-bonded outermost
polymer block to be effective as permanent ligands, a favorable
interaction with the solvent is necessary. As PS is not soluble in
hexane, no colloidal nanoparticles could form, only aggregates
of perovskite precursors. This small-scale exploration veried
that toluene is the best solvent to employ going forward in the
ow reactor for continuous synthesis.

To enable continuous production of CsPbBr3 PNCs, a house-
built ow reactor was constructed, as was reported in our
previous work.46 A diagram of the ow reactor is depicted in
Fig. 1b. It consists of two syringe pumps, with Luer lock PTFE
tubing connected to the ends of the syringes (one for the
precursor solution and another for the antisolvent), and a Y-
connector that facilitates mixing of the two solutions. The
operating principal of this ow reactor is similar to that of
LARP, yet instead of a magnetic stir bar, the mixing is accom-
plished by the ow dynamics at the Y-connector.36

Aer toluene was selected as the preferred antisolvent, the
toluene owrate (Qtol) for both nanoreactor-enabled PNCs (i.e.,
PS-capped CsPbBr3) and conventional ligand-assisted PNCs
(i.e., OA/OAm-co-capped CsPbBr3 as control sample; see
Experimental Section in ESI†) was optimized by varying Qtol and
holding Qprecursor at a constant 60 mL h−1. For both types of
CsPbBr3 PNCs, a monotonic increase in PLQY was seen Qtol

increased from 1000 to 5000 mL h−1 (Fig. 2a). This increased
PLQY can probably be attributed to the enhanced mixing of the
precursors and antisolvent that occurs at higher owrates of
toluene. The rising owrates result in an increase in the corre-
sponding Reynolds number from 394 (for Qtol= 1000mL h−1) to
1662 (for Qtol = 5000 mL h−1). The complete calculation of
Reynolds number is shown in Table S2.† The transition from
laminar Poiseuille ow to turbulent ow in circular tubes is
generally accepted to occur at a critical Reynolds number
between 1800 and 2300.53,54 While the Reynolds number at the
max owrate still falls within the laminar ow range (Re = 1662
< 1800), the increasing ow has thus been found to promote
better mixing.55 It is notable that the conventionally-ligated
PNCs (i.e., OA/OAm-co-capped CsPbBr3) display a higher
average PLQY than those synthesized with the nanoreactor.
This is likely due to presence of the PAA blocks inside the
template-grown PNCs.36 While these PAA chains are necessary
for the formation of PNCs within the nanoreactor (due to their
coordination with perovskite precursors), their presence could
also introduce defects into the crystal structure, thus hindering
PLQY.36 It is worth noting that although the PLQY of the pristine
CsPbBr3 nanoparticles synthesized form nanoreactor is not
2040 | Nanoscale Adv., 2023, 5, 2038–2044
ideal, it could be improved via post-synthesis treatment with
zinc bromide to passivate the PS-capped PNC surface.36 The
emission peak position of PS-capped PNCs was unaffected by
Qtol, whereas the OA/OAm-co-capped PNCs showed a general
trend of decreasing peak position with increasing Qtol (Fig. 2b).
The constant emission peak of PS-capped PNCs can be attrib-
uted to the good size control that the star-like PAA-b-PS nano-
reactors enable. Because only the PAA blocks coordinate with
the perovskite precursors, the size of the PNC is dictated by the
length of the inner PAA blocks. The constant emission wave-
length of PS-capped PNCs stands in contrast to conventional
OA/OAm-co-capped PNCs, which show a general increase in
emission peak position as Qtol decreased. This red-shied
emission of OA/OAm-co-capped PNCs could be ascribed to an
increase of defects in PNCs synthesized at lower owrates. As
discussed above, higher owrates promote better mixing,55 thus
yielding more crystalline PNCs which lack defects that are
known to promote red-shiing of emission.56,57 We note that
OA/OAm-co-capped PNCs made at Qtol = 1000 mL h−1 do not
match the trend seen for Qtol = 2000 through 5000 mL h−1. This
difference may be due to the extremely lowmixing that occurs at
Qtol = 1000 mL h−1 (Re = 394).

Following the highest Qtol determined to be the most bene-
cial, we optimized Qprecursor. To this end, Qprecursor was varied
from 10 to 60 mL h−1, while keeping Qtol constant at 5000 mL
h−1. Varying Qprecursor exerted little effect on the PLQY of either
PS-capped or OA/OAm-co-capped CsPbBr3 PNCs (Fig. 3a). A
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of Qprecursor on (a) PLQY, (b) emission peak position, and
(c) FWHM of PS-capped CsPbBr3 PNCs and OA/OAm-co-capped
CsPbBr3 PNCs (control sample), where Qtol was held constant at the
optimized 5000 mL h−1.

Fig. 4 TEM image and size distribution of (a and b) PS-capped
CsPbBr3 PNCs and (c and d) OA/OAm-co-capped CsPbBr3 PNCs
(control sample). Both samples were synthesized at optimized

−1 −1
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relatively stable PLQY near 60% was evidenced for both
template-grown and control PNCs, signifying that altering the
precursor to antisolvent ratio has little impact on the crystal
quality. The emission peak position of PS-capped PNCs was
constant at all tested Qprecursor, yet the emission peak of OA/
OAm-co-capped PNCs was seen to increase with increasing
Qprecursor (Fig. 3b). This is likely due to the increasing precursor
to antisolvent ratio, which favors larger PNCs, leading to less
quantum-connement. The full width of half maximum
(FWHM) of the template-grown and control PNCs was relatively
unaffected by altering Qprecursor (Fig. 3c). This suggests that the
crystal quality of the PNCs was also unaffected, which is
consistent with the stable PLQY observed.58–61 It is notable that
the properties and quality of the PS-capped PNCs showed much
weaker dependence on the experimental parameters than the
low dimensional perovskite nanocrystals fabricated with the
same ow reactor in our previous work. This clearly illustrates
© 2023 The Author(s). Published by the Royal Society of Chemistry
the robustness of the nanoreactor strategy in reliably producing
nanoparticles with consistent and controllable properties.

With the optimized conditions (i.e., Qtol = 5000 mL h−1 and
Qprecursor = 60 mL h−1 to maximize production) for continuous
production of PNCs identied, they were used to synthesize
CsPbBr3 PNCs for further characterization and stability testing.
TEM images show that the PS-capped PNCs possessed an
average diameter of 13.5 nm (Fig. 4a and b), in good agreement
with the calculated diameter using the equation developed in
our prior work (eqn S1; † the calculated radius of gyration Rg of
star-like PAA blocks is 12.9 nm).62 It is notable that past studies
using the nanoreactor have shown that the equation oen
underestimates the size of the formed nanocrystals.36 Notably,
PS-capped PNCs formed by via the nanoreactor strategy are
signicantly smaller on average (13.5 nm) than those formed
with conventional OA and OAm ligands (22 nm) (Fig. 4c and d),
even though the amount of perovskite precursors and other
experimental methods are identical. This manifests that the
star-like PAA-b-PS nanoreactor restricts growth of PNC below
that which may otherwise be favored. A control experiment was
also conducted in which a solution of perovskite precursors
(CsBr and PbBr3) was loaded into the ow reactor without the
presence of any organic ligands (i.e., no OA and OAm as well as
no star-like PAA-b-PS nanoreactor). No luminescence was
detected for the ligand-free CsPbBr3. This offers further proof to
suggest that any luminescent performance from template-
grown PNCs can clearly be attributed to CsPbBr3 formed
within the nanoreactor.

The colloidal, UV, and thermal stabilities of control and
templated CsPbBr3 PNCs were then examined. In colloidal
stability testing, the templated PNCs exhibited nearly no PLQY
deterioration over more than 100 days, while the control fells to
20% normalized PLQY (Fig. 5a). The signicantly enhanced
colloidal stability of the templated PNCs is due to their strongly
ligated outer PS chains that are originally covalently bound to
the inner PAA chains. Conventional OA and OAm ligands are
only dynamically bound to the surface of the PNC, and over time
conditions (Qtol = 5000 mL h and Qprecursor = 60 mL h ).

Nanoscale Adv., 2023, 5, 2038–2044 | 2041
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Fig. 5 (a) Colloidal, (b) UV, and (c) thermal (at 80 °C) stabilities of PS-
capped and OA/OAm-co-capped CsPbBr3 PNCs (control sample)
synthesized at optimized conditions (Qtol= 5000mL h−1 andQprecursor

= 60 mL h−1).
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they can dissociate, leading to PNC agglomeration and
quenching of luminescence.28 This is seen in the sharp decline
of PLQY with time. Template-grown PNCs, on the other hand,
have PS chains intimately and rmly ligated, ensuring that they
maintain their colloidal nature, avoiding agglomeration and
preserving their excellent optoelectronic properties. To probe
UV stability, both control and templated samples were exposed
to 365 nm UV radiation for 48 h. The control OA/OAm-co-
capped PNCs experienced a signicant PLQY degradation in
24 h, while the templated PNCs retained ∼80% of their initial
PLQY (Fig. 5b). The decrease in optoelectronic performance can
be ascribed to UV-induced photo-oxidation of Pb in PNCs.63 The
superior UV stability of the templated PNCs is likely owing to
the outer PS chains on the nanoreactor. The aromatic groups in
the chains are known to absorb UV light, which spares the inner
perovskite from deleterious effects of UV irradiation.64 To delve
into their thermal stability, the PNCs were exposed to 80 °C for
2042 | Nanoscale Adv., 2023, 5, 2038–2044
an extended time. The templated PNCs maintained ∼70% of
their initial PLQY aer 5 h at elevated temperature, while the
control decreased to∼40% aer 1 h, and then to∼10% aer 5 h
(Fig. 5c). The considerable increase in PLQY retention can be
ascribed to the strongly ligated PS chains on the surface of PNC
as discussed above. Unlike the dynamic OA and OAm ligands on
the control PNCs, such intimately and vigorously tethered PS
chains do not dissociate at elevated temperature, thereby
rendering the templated PNCs to maintain their form and
ensure high PLQY.65

The yield of continuous manufacturing methods is a critical
metric that informs the amount of a target material synthesized
per time. In our dual-reactor technique (star-like block copol-
ymer nanoreactors inside a ow reactor), the nal yield (mass/
min) is dependent on the concentration of nanoreactors and
perovskite precursors present in the precursor solution.
Precursor solutions with higher concentrations of loaded
nanoreactors will result in higher yields, whereas lower nano-
reactor concentrations will lead to lower yields. In the trials in
our study, the concentration of nanoreactors in the precursor
solution was kept at a constant 10 mg per 20 mL DMF (perov-
skite precursors were added in slight excess). At this constant
concentration, the calculated yield of CsPbBr3 PNCs is 0.139 g
h−1 (eqn S2†) This yield is similar to that previously reported for
continuous production of perovskite (0.154 g h−1)46 and is
signicantly more than previously reported batch conversion
methods (0.019 g h−1).46 Notably, the yield of this system scales
linearly with the concentration of nanoreactors (eqn S2†). This
linear dependence suggests that the yield of the system can be
greatly boosted simply by increasing the concentration of
loaded nanoreactors. Furthermore, varying the concentration of
loaded nanoreactors in the precursor solution will impose
insignicant effect on the optical properties of the nal PNCs
because little change in optical properties was observed as the
precursor solution injection rate increased six times (Fig. 3a–c).

Conclusions

In summary, we have demonstrated the continuous synthesis of
highly stable PNCs by incorporating amphiphilic star-like block
copolymer nanoreactors into a house-built ow reactor. The
antisolvent composition, antisolvent owrate, and precursor
solution owrate were each systematically optimized to render
peak performance of the resultant nanocrystals. Importantly,
toluene as an antisolvent, maximized antisolvent owrate, and
60 mL h−1 precursor solution owrate were identied to the
ideal parameters. The colloidal, UV, and thermal stabilities of
template-grown, PS-capped PNCs produced with these param-
eters were found to be vastly superior to that of PNCs made with
conventional OA and OAm ligands. The strongly and rmly
bound PS chains on the surface of PNCs account for enhanced
stabilities over those of control samples where OA and OAm
ligands are dynamically bonded to the surface. Such a dual-
reactor system (nano and ow reactors) enables the markedly
improved stabilities of PNCs from the nanoreactor in conjunc-
tion with the scaling up rendered by a continuous ow reactor,
representing a crucial step towards commercialization of PNCs
© 2023 The Author(s). Published by the Royal Society of Chemistry
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as it overcomes two of the great challenges facing this unique
class of material. Future work can be centered on expanding the
compositions and emission wavelengths of PNC emitters via
this dual-reactor system.
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