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ABSTRACT: Hybrid organic−inorganic perovskites and in particular formamidi-
nium lead halide (FAPbX3, X = Cl, Br, I) perovskite nanocrystals (NCs) have shown
great promise for their implementation in optoelectronic devices. Specifically, the Br
and I counterparts have shown unprecedented photoluminescence properties,
including precise wavelength tuning (530−790 nm), narrow emission linewidths
(<100 meV) and high photoluminescence quantum yields (70−90%). However, the
controlled formation of blue emitting FAPb(Cl1−xBrx)3 NCs lags behind their green
and red counterparts and the mechanism of their formation remains unclear. Herein,
we report the formation of FAPb(Cl1−xBrx)3 NCs with stable emission between 440
and 520 nm in a fully automated droplet-based microfluidic reactor and subsequent
reaction upscaling in conventional laboratory glassware. The thorough parametric screening allows for the elucidation of
parametric zones (FA-to-Pb and Br-to-Cl molar ratios, temperature, and excess oleic acid) for the formation of nanoplatelets
and/or NCs. In contrast to CsPb(Cl1−xBrx)3 NCs, based on online parametric screening and offline structural characterization,
we demonstrate that the controlled synthesis of Cl-rich perovskites (above 60 at% Cl) with stable emission remains a challenge
due to fast segregation of halide ions.
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Lead halide perovskite nanocrystals (LHP NCs) have
received enormous attention as luminescent materials for

a wide variety of applications,1−9 including photovoltaics,10−12

displays,13−17 light-emitting diodes (LEDs),18−23 and las-
ing.24,25 The main and peculiar advantages of such materials,
compared to traditional chalcogenide quantum dots (QDs),
include (i) facile bandgap tuning by composition (through
choice of halide and halide mixtures) and (ii) extremely high-
photoluminescence (PL) quantum yields (QYs, 20 and 90%)
achievable without the need for electronic surface passivation
with wider-gap epitaxial shells.13,26 This high emissivity is
attributed to the unusually high defect tolerance of LHPs−
point defects and surfaces do not reside within the bandgap and
therefore do not quench the radiative recombinations of
photoexcited carriers.27−29 Their PL is characterized by narrow
emission line widths of <100 meV (also known as the full width
at half-maximum, fwhm) throughout the whole visible range.
This provides for superior color performance for display
applications, in particular, green emission (with QYs above
90%) and with fwhm values less than 40−45 nm at 640 nm,
thus covering up to 140% of the NTSC color gamut. In

displays, LHP NCs can be used in backlighting to convert blue
light from the GaN diodes into green and red light.
As with more conventional emitters (such as QDs, organic

molecules, and phosphors), access to the blue-to-green spectral
region remains particularly challenging for LHP NCs.4 For
instance, although blue-emitting chalcogenide QDs,30−32 such
as ZnCdS core/multishell NCs, exhibit high QYs of up to 90%,
QD LEDs constructed from such materials exhibit rather small
external quantum efficiencies (EQEs), reportedly remaining
below 10%.33,34 Reasons for the reduced performance of blue
QD emitters are both device-related (i.e., associated with the
difficulty in selecting suitable hole and electron transporting
layers) and, more importantly, inherent to the QD materials.
Put simply, the higher the bandgap, the more severe are the
difficulties in synthesizing emissive QDs and in retaining their
optical and chemical integrity when integrated within LED
constructs.30,34,35
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Subsequent to the development of the hot-injection synthesis
of uniform colloidal cesium-based LHP NCs (CsPbX3, X = Cl,
Br, I) of the cubic shape,13 the synthesis was further refined
with regard to precursors/ligands and the methods of mixing
and heating.38−41 Notable advancements in this respect include
the shape-engineered synthesis of nanowires (NWs)42−44 and
nanoplatelets (NPLs),45−49 postsynthetic cation and anion
exchange,50,51 characterization of reaction kinetics,52,53 surface
engineering54,55 and doping.56−60

Recently, perovskite NCs with formamidinium [CH(NH2)
+,

FA] as an A-cation alternative to Cs+ have attracted much
attention.37,46,61−63 Monodisperse FAPbBr3 NCs, for instance,
exhibit emission peaks between 530 and 535 nm, fwhm values
below 22 nm and high PL QYs (85%).37 FA-compositions have
proved to be chemically more robust than their methylammo-
nium (MA, CH3NH3

+)-based counterparts. In the case of
iodides, FA analogues overcome limitations related to the
instability of the three-dimensional (3D)-perovskite polymorph
of CsPbI3 NCs.

64−67 Other efforts aimed at forming stable and
color tunable FA-based LHP NCs have focused on anion (Cl-
to-Br-to I) and cation (Cs to FA) substitutions.6,64−70 In these
studies, FA-based LHP NCs with tunable emission between
415 and 740 nm and with QYs up to 85% were synthesized. Cl
and Cl0.5/Br0.5 compositions exhibit QYs of 1−26%. It should
however be noted that for the region between 450 and 530 nm
(e.g., Br-rich compositions), very limited information regarding
PL tuning, stability, and the factors governing these parameters
can be found in the literature. Indeed, practically nothing is
known about the shape-engineering of FA-based NCs, apart of
atomically thin platelets, such as those reported by Tisdale et
al.46,71,72

Herein, we explore the formation of FAPb(Cl1−xBrx)3 NCs
and NPLs using an automated droplet-based microfluidic
platform (Figure 1a, and for a description of the experimental
setup and synthetic procedures see Supporting Information, SI)
that allows for the high-throughput assessment of reaction
mechanisms using online collected PL spectra. Moreover, the
synthesis parameters extracted from the microfluidic platform
were transferred to a hot-injection synthesis for upscaling the

production of mixed Cl/Br NCs. Herein, we discuss the
screening of parametric spaces (Br addition, temperature, and
molar ratios of precursors) in terms of the formation of NCs
and/or NPLs and highlight synthetic challenges for obtaining
stable blue emitters.
A thorough and quantitative investigation of a multi-

parametric system requires efficient mapping within an
acceptable time scale. For the system of interest, which is
characterized by the rapid nucleation and growth of NCs, such
efficient screening can be achieved using microfluidic systems
with integrated analytical systems.52,73−79 Such platforms
provide for the rapid mixing of precursor solutions as well as
fast heating and thus are well-suited for elucidating reaction
mechanisms in multicomponent systems; particularly those
with rapid reaction kinetics.80−82 In addition, they are
exceptionally powerful in providing real-time information
regarding the size, shape, chemical composition, and size-
distribution of the synthesized compounds.80

In the current studies, two synthetic methods were
employed. The first using PbBr2 and PbCl2 as both lead and
halide sources (method 1), and the second using oleylammo-
nium bromide (OLAmBr) and chloride (OLAmCl) precursors
(method 2) as a source of halides37 (see Supporting
Information for further details). In the latter, Pb(oleate)2 was
used as Pb2+ precursor. The microfluidic platform (Figure 1a)
allows for fine-tuning of interlinked molar ratios of precursors
to adjust particle compositions. In particular, for method 1
there are two independently adjustable parameters, FA/Pb and
Br/Cl molar ratios (Cl or Br loading), whereas method 2
includes an additional independent variable, the Pb/(Br + Cl)
molar ratio. The reaction time was kept constant (7 s) in all
experiments to ensure stabilization of the PL wavelengths and
PL intensities of FAPbX3 NCs, typically after 3−5 s when NC
size reaches the regime of weak confinement (typically above 8
nm).83 We also note that attempts to capture the formation of
smaller NCs are impractical, because such NCs are structurally
unstable and always evolve into larger NCs.
There are several key differences between perovskite NPLs

and NCs. NPLs exhibit much narrower emission linewidths

Figure 1. (a) Schematic of the droplet-based microfluidic reactor with online fluorescence detection. Precursors are mixed in a cross-junction and
enter together with a perfluorinated carrier fluid in a T-junction where they are compartmentalized into nanoscale droplets. After they enter a
heating-zone, they are excited by a 365 nm LED and the emission is collected and analyzed using a spectrometer. (b) Crystal structure of a three-
dimensional cubic α-FAPbBr3 with orientational disorder of the FA molecules and split positions of bromide atoms,36,37 and its conversion into
mixed-halide FAPb(Cl1−xBrx)3 NCs for lower Cl loadings or the fast halide-ion segregation after overloading with Cl ions by anion-exchange. (c) A
conceptualization of the interplay between the reaction parameters and the resulting shape of NCs (NPLs). Competition between FAPb(Cl1−xBrx)3
NPLs and NCs after a high-throughput microfluidic screening of reaction parameters. The critical regulated parameters are FA-to-Pb molar ratio,
temperature, and the concentration of ligands.
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(fwhm values of 8−10 nm, compared to more than 20 nm for
cubes). Additionally, their PL spectra evolve in discrete steps
according to the number of perovskite unit cells fitted in the
NPL thickness. Their absorption features are also narrower and
more pronounced, due to a large oscillator strength associated
with band edge transit ions .46 ,48 , 49 In particular ,
L2[FAPbX3]n−1PbX4 NPLs, where L is OLAm+ and n = 1, 2,
and 3 (number of unit cells in thickness), were recently
reported by Weidman et al. For L2[FAPbBr3]n‑1PbBr4 with n =
1 and n = 2, PL peak positions are located at 403.2 and 439 nm,
respectively.46 It is expected that the ligand concentration
(OLAm+) and the relative ratios of FA and Pb sources will
promote either the formation of NCs or NPLs.
Systematic variation of the synthesis temperature between 35

and 150 °C in method 1 (FA/Pb molar ratio is set to 5.7)
indicates that a temperature of 130 °C is best suited for all NC
compositions, based on assessment of fwhm values (Figure 2).

Lower temperatures lead to significantly broader PL bands and
the concurrent formation of NPLs and NCs, whereas higher
temperature cause thermal decomposition of the product,
evidenced by a dramatic drop in the PL intensity. Thermal
decomposition of the FA cations, for example, may lead to the
formation of ammonium cation (and release of HCN)84 as
previously observed for FAPbBr3 NCs (NH4Pb2Br5 was
identified as an impurity).37 Analogous temperature-dependent
results of method 2 are presented in Figure S1, wherein an
optimal temperature range of 110−135 °C was identified.
However, Figure 2a−c highlight that at high Br % (72−90%)
and at low temperatures (less than 75 °C) the synthesized
particles exhibit two emission bands, NPL-like emission

(between 410 and 425 nm) and NC-like emission (cubic
structure, between 450 and 520 nm). Importantly, the relative
intensities of these component peaks vary according to the
incorporated Br content. Above 75 °C, emission originates
predominantly from the NCs, reaching a maximum above 120
°C, where particle growth stops (Figure S2).
Comparison of the temperature-dependent PL spectra of

FAPb(Cl1−xBrx)3 NCs after employing method 1 (Figure 1)
and method 2 (Figure S1) highlights two important differences.
First, the observed reaction kinetics in method 2 are faster than
in method 1, because PL peak positions remain constant for
temperatures above 80 °C (Figure S1). Second, using method 2
and for temperatures below 75 °C, three bands of emission are
apparent in the PL spectra: two discrete NPL PL bands (432
and 462 nm, n = 2 and possibly n = 3 NPLs, respectively) and
one NC-like emission. Such variations can be attributed to the
difference in the concentration of capping ligands employed in
the two methods and to the additional tunable parameter, (Pb/
(Br + Cl) employed in method 2, which provides a more
stoichiometric control over the resulting crystals
To further decouple the effects of stoichiometry and

temperature on the observed emission, we conducted various
reactions under Pb-rich conditions (0.3 < FA/Pb < 1.7, Figure
S3) and at room temperature. In general, higher Pb content
favored the formation of NPLs emitting at 420 nm, suppressing
NC-like emission (Figure 3a). However, the isolation of NPLs,
at least with the reaction conditions applied, was nearly
impossible because of the fast decomposition process,
particularly those with a thickness of 1−2 monolayers. This
reaction path is induced by the excess of Pb precursor, which
favors the concurrent formation of the higher content Pb

Figure 2. Variation of (a−d) emission spectra, (e) PL maxima, and (f)
fwhm of FAPb(Cl1−xBrx)3 NCs as a function of temperature (25−150
°C). Br loading was varied between 63 and 90%. Colors in (e,f)
correspond to various Br loadings indicated in the corresponding
legend. Other parameters were FA/Pb = 5.7 and a reaction time of 7 s.

Figure 3. (a) Effect of FA/Pb molar ratio on the PL of
FAPb(Cl1−xBrx)3 NCs (90% Br loading). Colors correspond to
various FA loadings and are indicated in the corresponding legend.
The temperature was maintained at 25 °C. (b) Evolution of NPL- and
NC-like emission after the addition of free oleic acid to the reaction
solution. Colors correspond to various OA loadings and are indicated
in the colormap. The temperature (25 °C) and FA-to-Pb molar ratio
(FA/Pb = 1.5) were kept constant.
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compound, which corresponds to the formation of
L2[FAPbX3]PbX4 NPLs (L = OLAm+). Importantly, identical
behavior is apparent for various Br/Cl perovskites (see Figure
S3). To further suppress the formation of NCs at room
temperature, we regulated the concentration of free oleic acid
in the reaction system. Figure 3b illustrates that addition of up
to 80% of free oleic acid (with respect to the concentration of
oleic acid species acting as a ligand during particle formation) in
the reaction mixture further drives the reaction to form NPLs
with a single emission peak at 420 nm. It is likely that such
behavior is due to greater activity of the OLAm+. Complex acid-
based equilibria are present. OLAm+ exists in equilibrium with
OLA. When OA/OLA is increased, for instance, to 2:1, the
equilibrium is shifted toward the protonation of the amine.
However, when an additional oleate is introduced in the system
in the form of FA(oleate), deprotonation of OLAm+ can occur.
This explains why the formation of L2[FAPbX3]PbX4 NPLs,
with L being OLAm, is solely observed when the FA-to-Pb is
below 1.8 (Figure 3a). On the other hand, when OA/OLA is
much higher, a high yield of NPLs with n = 2 is obtained
(Figure 3b). Such a strategy for stabilizing OLAm+ ligands,
could allow for the isolation of NPLs with various Br/Cl
compositions, although this was not a specific goal of the
current study. However, the ability to monitor the coexistence
of NPLs using a droplet-based microfluidic system provides
unique insights for the formation of NPL-free NC dispersions,
such as (a) they are plausible products at the early stage of
high-temperature reactions and (b) information on how to
adjust synthetic parameters to avoid the formation of ultrathin
and unstable NPLs. In fact, in some syntheses, the observed
particles with irregular morphologies after particle purification
are likely decomposition products of the synthesized NPLs.
To gain full control over mixed halide compositions in

FAPb(Cl1−xBrx)3 NCs, we conducted a combinatorial study at
130 °C (where quantum confinement is weak) to identify the
optimal molar ratios of precursors using both synthetic
methods. Figure 4 demonstrates the dramatic effect of
precursor molar ratios on PL characteristics. In particular,
high FA/Pb molar ratios (in the range of 5−10) lead to Cl/Br
mixtures (50−90% Br) with stable PL peak positions and
minimum emission linewidths (Figure 4a,b). In addition, when

applying method 2, interlinked molar ratios such as FA/(Br +
Cl) and Pb/(Br + Cl) should be maintained between 2.5 and 4
and 0.2 and 0.5, respectively to synthesize FAPb(Cl/Br)3 NCs
with the narrowest PL fwhm (28 nm, Figure 4d,f,h). Outside
these windows, the PL characteristics of the synthesized NCs
appear unstable, evidenced by rapid fluctuations in PL peak and
fwhm (Figure 4c,e,f). After identifying the effects of all molar
ratios and extracting optimized values, we attempted to tune PL
spectra within the blue-green region (420−520 nm) via
systematic variation of Br/Cl ratios. Figure 4g demonstrates
how the PL peak of FAPb(Cl1−xBrx)3 NCs can be controllably
tuned between 465 and 520 nm through continuous variation
of Br loading from 40 to 95%, while maintaining a fwhm of 26−
28 nm. At the same time, we observed a decrease in fwhm for
Br-rich perovskites (Figure 4h) and, conversely, PL intensity
drops for high Cl content (Figure S4). In the Cl-rich region, all
FA-to-Pb molar ratios tested yielded poor PL between 420 and
450 nm. This is in agreement with a recent study by Levchuk et
al., where the QYs of Cl/Br perovskites with Cl loadings higher
than 60% drop significantly from 26 to 1%.66

With a view to finding an alternate path to stable
compositions with Cl loadings above 60%, we conducted
reactions with the concurrent incorporation of Cs+ into the
reaction solution. It is well-known that incorporation of Cs+

into FAPbI3 and FAPb(Br/I)3 or, conversely, FA into CsPbI3
lattice can stabilize the desired 3D-perovskite phases (cubic or
orthorhombic) through adjustment of perovskite tolerance
factors and the added effect of the entropy of mixing.85−87 To
this end, loading of Cs+ into the reaction solution was
performed for various FA-to-Pb molar ratios and Br contents.
Significantly, addition of Cs+ resulted in a blue shift of the
emission spectrum (Figure S5) for all FA-to-Pb molar ratios
and Br loadings, whereas emission maxima were tunable
between 450 (63% Br) and 520 (90% Br) nm. However, the
emission intensity drastically decreases as more Cs+ is
incorporated and in some cases secondary peaks emerge,
indicating the potential formation of a mixture of compositions,
such as impurity CsPb(Cl/Br)3 NCs. Given the significantly
lower observed PL intensities of the synthesized mixed-cation
NCs and the concurrent formation of CsPb(Cl/Br)3 NCs
under the tested reaction conditions, we conclude that stable

Figure 4. Effect of (a,b) FA-to-Pb molar ratio, (c,d) FA-to-total halide ratio, (e,f) Pb-to-total halide ratio, and (g,h) Br loading on PL spectra and
fwhm of FAPb(Cl1−xBrx)3 perovskites. Colors in the PL spectra and data markers displayed in panels a−f and panels g,h correspond to various Br
loadings and FA-to-Pb molar ratios that are indicated in the corresponding legends. The temperature (130 °C) and reaction time (7 s) were
maintained constant throughout.
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blue-emitting CsxFA1−xPb(Cl/Br)3 cannot be obtained using
the specific methodology.
Finally, the optimized conditions for preparing FAPb-

(Cl1−xBrx)3 NCs in a microfluidic setup were adapted to a
standard flask-based synthesis, demonstrating excellent trans-
ference (Figure 5). As an example, a precursor solution is

prepared by dissolving 0.2 mmol Pb acetate and 1.14 mmol FA
acetate in a mixture of 8 mL octadecene and 2 mL OA. Cubic
FAPb(Cl1−xBrx)3 NCs are then obtained upon injection of 0.8
mmol OlAmBr and OlAmCl (in 2 mL of toluene as a solvent)
into this precursor solution. Intense PL was observed for NCs
with chloride content up to 60%. For higher chloride contents,
a colored dispersion was obtained upon hot injection of
OlAm(Br,Cl) into the precursor solution, which, however
decomposed rapidly. In agreement, with microfluidic screening
PL spectra, QYs, and XRD patterns of the NCs obtained with
high Cl ratios point to the same trend, that is, fast
decomposition of the initial particles into nonluminescent
FAPbCl3 (QY < 1%) and Br-rich FAPb(Cl/Br)3 NCs (Figures
S6 and S7). This shows that a higher content of Cl atoms in the
FAPbBr3 structure (above 40%) will induce fast halide ion
segregation and therefore instability in optical properties
(Figures S7 and S8).
In conclusion, we have demonstrated that FAPbX3 (X = Br,

Cl) NCs with tunable emission between 440 to 515 nm can be
synthesized in a microfluidic platform. Use of an automated
droplet-based microfluidic reactor allowed for the thorough
screening of reaction parameters and elucidation of optimum
Cl/Br compositions (Br content higher than 60%) and
transferral to conventional flask reactors for reaction upscaling.
Significantly, automated microfluidic screening and offline
structural characterization revealed that production of Cl rich
(>60%) FAPbX3 NCs with high PL emission poses a challenge
due to the propensity of such NCs to segregate halide ions.
Importantly, we also unveiled the synthetic boundaries for
distinguishing between the formation of NCs (T > 50 °C, FA-
to-Pb > 2) and NPLs (room temperature, FA-to-Pb < 1.5, free
oleic acid addition). Further optimization of the proposed
synthetic protocols will include an investigation of the effect of

OA:OLA ratio on the resulting crystals and incorporation of
other cations into the crystal structure.
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