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ABSTRACT: Formamidinium lead bromide and iodide iR
(FAPbX;, X = Br, I) in the form of colloidal nanocrystals - J'
(NCs) exhibit outstanding photoluminescence properties in the
green and infrared regions of the electromagnetic spectrum,
characterized by narrow emission line widths (below 90 meV) and N
high quantum yields (above 90%). The controlled formation of |~ (—
Br-I mixed halide NCs is a facile strategy for tuning band-gap J
energies, in particular between 700 and 800 nm, not accessible
with CsPbX3 NCs. Herein, we report a mechanistic and high-

throughput parametric screening study of the synthesis of such T
NCs using droplet-based microfluidic platforms, equipped with in oy,
situ optical characterization. We establish the growth conditions -
that fully suppress the formation of nanoplatelet impurities in the
final colloid and demonstrate that the formation mechanism of FAPbBr; NCs proceeds via the formation of nanoplatelets as
transient species, whereas FAPbL,; forms directly as cubic-shaped NCs. In contrast to CsPb(Br/I); NCs, the stability of FAPb(Br/
I); NCs increases with iodine content. Such NCs form by first nucleating pure FAPbI; NCs, followed by incorporation of
bromide ions.

Reaction Time

B INTRODUCTION remain the primary choices as A-site cations of practical
Inorganic and hybrid organic—inorganic lead halide perovskites interest. However, CsPbl; NCs with 3D-orthorhombic crystal
having the general formula APbX, [A = CH,NH," (MA®), structures are metastable at room temperature and always
CH(NH,)," (FA*), or Cs%; X = I-, Br-, CI, or mixtures convert into a nonemissive yellow phase (ID-orthorhomPllgg

upon storage, although slowly under inert conditions.
Moreover, this instability eventually destabilizes the mixed
halide Br/I composition. In this respect, we note that halide
ratios are the primary and perhaps only practical means of
governing the band-gap energies in lead halide perovskites.
After initial intense work on MA- and Cs-based composi-
tions, the focus of current perovskite NC research has shifted
toward FA-based compositions. FAPbl; NCs with 3D-cubic
crystal structures®' are stable for long periods of time, bringing
the hope of a §reater robustness of FA-based mixed halides
FAPb(Br/I);.****~*" The small band gap of bulk FAPbI, (1.48
eV, 840 nm)> drastically extends the wavelength range

thereof] possess outstanding optoelectronic properties that
have led to their adoption in a wide range of applications.
Examples include their use as absorbing layers in photovoltaic
cells (with certified power conversion efficiencies of up to
22.1%)," as photon detectors,” > and in light emitting
devices®™” and lasers."’

Nanocrystals (NCs) of lead halide perovskites, in particular
CsPbX;, have been shown to exhibit composition-tunable
photoluminescence covering the entire visible spectrum, with
quantum yields (QY) of up to 100%. "M ntense investigation
has led to shape-controlled synthesis and a better under-
standing of the parameters governing the formation of such
NCs."”~*° Hybrid perovskites in the form of NCs include
CH,NH,PbX,,*' FA,,Cs,oPbl;,”> FAPbI,** FAPbBr, " Received: July 17, 2017
FAPb(Br/I);,”~>" and doped compositions.”*** Considering Revised:  September 8, 2017
that CH;NH,;PbX; NCs are chemically unstable, Cs* and FA* Published: September 8, 2017
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currently accessible to perovskite NCs, allowing eventual tuning
into the near-infrared (up to 790 nm).”” In contrast, adjustment
of the band gap of CsPbX; NCs is limited to visible
wavelengths (e.g, 690 nm for pure CsPbly). In addition, pure
FAPDbBr; NCs are stable green emitters at 530 nm with a QY of
85% and an emission full width at half-maximum (FWHM) not
exceeding 22 nm. This corresponds closely to the green
primary color of the Rec.2020 color gamut, a standard for ultra-
high-definition displays.”* This emission peak wavelength is out
of reach even for large (12 nm diameter) CsPbBr; NCs, which
emit below 520 nm, thus making the FA analogue an optimal
choice as the green primary emitter for liquid-crystal displays.

Rational control over the synthesis of inorganic NCs,
especially of complex compositions, is a nontrivial task due to
the interplay between multiple parameters such as relative
reagent concentrations, ligand concentration, growth times, and
reaction temperatures. In the case of perovskite NCs, extremely
fast reaction kinetics are a particular challenge. Microfluidic
reactor technologies,” in conjunction with online monitoring
techniques,”™* are ideally suited to processing the complex
reactions typical in NC synthesis, as we and others have
demonstrated previously,”** including the synthesis of
CsPbX,; NCs.*” Efficient mass and heat transfer in nanoliter-
sized droplets allows access to rapid reaction kinetics, while
automated sampling in combination with low reagent
consumgtion enables efficient mapping of complex parameter
spaces.”” In our earlier CsPbX; study, we demonstrated that
optimized reaction parameters obtained through microfluidic
screening are directly transferable to a flask-based synthesis.
Application of refined reaction parameters (namely, precursor
ratios, temperatures, reaction times) led to a significant
improvement in the emission FWHM. In addition to reaction
optimization, the adoption of microfluidic formats enables the
elucidation of nucleation and growth processes. Put simply,
microfluidics has become an indispensible screening tool in the
biological sciences,”' and in our opinion will undoubtedly gain
similar status in the solution-based synthesis of nanoscale
materials.

In the present work, we investigate the synthesis of pure
FAPbBr;, FAPbI,, and mixed-halide FAPb(Br/I); and provide
mechanistic insight together with optimized reaction con-
ditions. We identify optimal conditions for the monohalide NC
compositions and uncover different growth mechanisms for
iodide and bromide. In the case of mixed halide FA-perovskite
NCs, we report photoluminescence (PL) emission up to 790
nm (FWHM < SO nm), thereby extending perovskite NCs
emission into the near-infrared. The growth kinetics of
FAPb(Br/I); NCs are observed to proceed via initial formation
of FAPDI; nuclei with subsequent incorporation of Br. In
addition, we find that the stability of FA-based systems
increases with iodine content, in contrast to Cs-based systems.

B EXPERIMENTAL SECTION

Oleylammonium lodide Synthesis. In a 250 mL round-bottom
flask, 100 mL of absolute ethanol (>99.8%, Aldrich) and 12.5 mL of
oleylamine (OLA, Acros Organics, 80—90%) are stirred vigorously at 0
°C. Next, 10 mL of hydroiodic acid (57%, without stabilizer, Aldrich)
is added dropwise and the solution is left to stir overnight at RT under
nitrogen flow. After solvent removal under vacuum, the product is
recrystallized multiple times from diethyl ether to yield a white
powder.

Formamidinium Precursor Synthesis. A 20 mL Schlenk flask is
charged with 8 mL of octadecene (ODE, 90% Aldrich), 2 mL of oleic
acid (OA, Aldrich, 90%), and 70 mg of formamidinium acetate (0.67
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mmol, Aldrich, 99%). The mixture is degassed at RT for 30 min under
vacuum and heated to 120 °C under a nitrogen atmosphere for
another 30 min. Subsequently, the clear solution is cooled quickly to
RT using a water bath. Depending on the experiment, the OA content
is varied between 2 and 10 mL with a corresponding decrease in ODE
to preserve a constant total volume of the reaction solution.

Lead Halide Precursor Synthesis for Method 1. A 20 mL
Schlenk flask is charged with 77 mg of PbL, (0.17 mmol) or 62 mg of
PbBr, (0.17 mmol) and 8 mL of ODE. The mixture is degassed at 130
°C under vacuum for 1 h. Under a nitrogen atmosphere, 1 mL of OA
(dried at 120 °C under vacuum) and 0.5 mL of OLA (dried at 120 °C
under vacuum) are added. After complete dissolution of PbL, the
solution is removed from heat and left to cool to RT. The surfactant
concentration can be adjusted depending on the experiment but with a
constant volume ratio of OA:OLA.

Separate Lead and Halide Precursor Synthesis for Method
2. To synthesize the Pb-precursor solution, 66 mg of Pb(OAc),-3H,0
(0.17 mmol, Aldrich, 99.99%), 8 mL of ODE, and 2 mL of OA are
combined in a 20 mL Schlenk flask and dried at 120 °C under vacuum
until complete dissolution. The solution is removed from heat and left
to cool to RT. To synthesize the I-precursor solution, 103 mg of
oleylammonium iodide (0.26 mmol) and 7 mL of ODE are dried in a
20 mL Schlenk flask at 120 °C under vacuum for 30 min. Under a
nitrogen atmosphere, 1 mL of OLA and 2 mL of OA are added. After
complete dissolution, the mixture is removed from heat and left to
cool to RT.

Synthesis Method 1. As-prepared Pbl, and FA precursor
solutions are withdrawn into individual glass syringes, inserted into a
syringe pump, and subsequently introduced into one of the
microfluidic reactors described below at the desired flow rate ratios.
With this method, the ratio of Pb:I is fixed at 1:2.

Synthesis Method 2. As-prepared Pb-, I-, and FA-precursor
solutions are withdrawn into individual glass syringes, inserted into a
syringe pump, and subsequently introduced into one of the
microfluidic reactors described below at the desired flow rate ratios.
In contrast to Method 1, this method allows arbitrary adjustment of
the Pb:I ratio.

Microfluidic Reactor with End-Point Fluorescence Detec-
tion. Precursor solutions and perfluorinated heat transfer fluid
(Galden HT 270, Solvay, Belgium) are loaded separately in glass
syringes (Gastight 1000, Hamilton, Switzerland) and actuated using a
Nemesys syringe pump (Cetoni, Germany). The syringes are
connected to a 7-port manifold (PEEK, 0.5 mm thru-hole, IDEX
Health & Science, USA) using FEP capillaries (1/16” OD, 700 ym ID,
IDEX Health & Science, USA). In the manifold, the precursor
solutions are mixed at a ratio defined by their relative flow rates and
split into a stream of isolated droplets (0.5—1.5 uL). The formed
droplets then enter a polytetrafluoroethylene (PTFE) capillary (1/16”
OD, 500 um ID, AdTech, U.K.), which meanders for 40 cm through
an aluminum block maintained at temperatures between room
temperature and 120 °C using a ceramics heater (Ultramic, Watlow,
USA). The droplets leave the reactor and are transferred directly to a
high-purity PFA (1/16” OD, S00 um ID) capillary. Fluorescence
spectra are obtained in an orthogonal configuration with a 365 nm
mounted LED (190 mW, Thorlabs, USA) as excitation source and a
fiber coupled spectrometer (QE 65000, Ocean Optics, USA). An in-
house developed PID-controller implemented in LabView automati-
cally adjusts the heating power to maintain the reaction temperatures
constant within +0.5 K at the set point. The operation of the reactor is
entirely controlled using an in-house LabView script that accepts a set
of experimental parameters.

Microfluidic Reactor with In-Line Fluorescence Detection.
Precursors solutions and perfluorinated heat transfer fluid (Galden HT
270, Solvay, Belgium) are loaded separately in glass syringes (Gastight
1000, Hamilton, Switzerland) and actuated using a Nemesys syringe
pump (Cetoni, Germany). The syringes are connected to a 7-port
manifold (PEEK, 0.5 mm thru-hole, IDEX Health & Science, USA)
using FEP capillaries (1/16” OD, 700 ym ID, IDEX Health & Science,
USA). In the manifold, the precursor solutions are mixed at a ratio
defined by their relative flow rates and split into a stream of isolated
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Figure 1. (a, b) Schematics of the two microfluidic reactors with end-point detection (a) and in-line detection (b) used in this work. Precursors and
a perfluorinated carrier fluid enter a manifold (M) to form droplets, which then pass through a temperature-controlled capillary. Light (E) from a
diode with an emission maximum of 365 nm excites contained NCs, and their emission is analyzed using a spectrometer (S). (c) Crystal structure of
three-dimensional cubic a-FAPbI; (showing the orientational disorder of the FA molecules)®" and a TEM image of cubic-shaped FAPbI; NCs
synthesized in the microfluidic reactor. (d—f) Dependence of FAPbL; PL spectra on Ry = [FA]/([FA] + [PbL,]) in the reaction solution (d) with
the corresponding PL peak positions (e) and FWHM values (f). (g—i) Temperature dependence of PL spectra at Rg, = 0.78 (g) with corresponding

PL peak positions (h) and FWHM values (i).

droplets (0.5—1.5 uL). The formed droplets then enter a
polytetrafluoroethylene (PTFE) capillary (1/16” OD, S00 ym ID,
AdTech, UK.) coiled around a copper-heating rod (diameter = 1.5
cm) maintained at temperatures between room temperature and 120
°C using a heating cartridge (Farnell, Switzerland) embedded inside
the heating rod. The heating block was engraved using standard
milling procedures to allow the tubing to sit within a defined groove of
radius 800 m. The heating rod was placed on top of a motorized
rotation stage (CR1/M-Z7E, Thorlabs, Germany) mounted on a
motorized linear translation stage (MTS25/M-28E, Thorlabs,
Germany). The axial and rotational movement of the heating rod
was controlled using in-house-developed Labview software. Emission
spectra were collected in an epifluorescence configuration with a 405
nm LED (M405L2-Mounted LED, Thorlabs, Germany) as excitation
source and a fiber coupled spectrometer (QE 65000, Ocean Optics,
USA) for detection. Via linear and rotational movement of the heating
rod, the excitation beam is moved to different position on the tubing,
thus providing access to different reaction times.

Microfluidic Reactor Operation. To avoid any heterogeneity
between droplets, it is ensured that the flow rates for each precursor
solution never falls below the threshold for pulsation-free operation of
the syringe pump. In addition, care is taken to avoid any
contamination of the droplet generator by regular cleaning, as this
might also cause instability in droplet formation. Last, an empirically
optimized, constant oil flow ratio of 0.38 is used for this experiment.

B RESULTS AND DISCUSSION

Our initial strategy in the study is to thoroughly investigate the
mono-halide materials EAPbI, and FAPbBr;.*” To this end, we
prepare precursor solutions of FA and Pbl, that are loaded into
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separate syringes (Method 1, constant Pb:X ratio of 2). A
precision syringe pump subsequently delivers the solutions into
a droplet-based microfluidic reactor (Figure 1ab),** wherein
the solutions are rapidly mixed subsequent to droplet
formation. Adjustment of the relative flow rates of precursor
solutions is used to control the stoichiometry of the reaction
solution within individual droplets. Importantly, the droplets
are dispersed and isolated within an immiscible carrier fluid as
they move through a capillary. The capillary rests within a
temperature controlled heating element, which allows precise
control (+£0.1 K) of the reaction temperature. Since the
distance traveled within the capillary is proportional to the
reaction time, kinetic analysis is achieved by evaluating PL
spectra along the capillary.”®

Herein, the FA content inside a droplet is expressed via two
experimentally controlled concentrations ([Pbl,] and [FA]) as
follows: Ry = [FA]/([FA] + [PbL,]). The formation of FAPbI,
NCs (Figure 1c) in our system can be expressed using the
equation

2FA(oleate) + 3Pbl, — 2FAPbL, + Pb(oleate),

Comparison of this equation to Ry, indicates that a value of Ry,
= 0.4 corresponds to a stoichiometric reaction, with a lower Ry,
value making FA a limiting reagent and a higher Rg, value
corresponding to a Pbly-limited reaction regime. Oleylamine
(OLA) and oleic acid (OA) are present in the solution as
surface capping ligands.
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In the previously studied case of CsPbX; NCs, high Pb
concentrations with respect to Cs were found to be essential for
the formation of pure-phase CsPbX; NCs, thereby preventin§
the formation of competing CsPb,Brs or Cs,PbBry phases.’
Although similar phases are not known for FA-analogues, Rg,
remains an important parameter since the FA cation, in contrast
to Cs, is an acid and in competition with OLA cations. Here we
find that FAPbI; NCs form over a broad range of Rg, values. At
lower FA concentrations (Rp, < 0.8), sharp emission bands
from atomically smooth thin nanoplatelets are present together
with a strong, continuously shifting emission peak at lower
energies from FAPbl; NCs (Figure 1d). The appearance of
nanoplatelets can be rationalized by considering the formation
of layered structures of a general formula L,[FAPbI3],_,Pbl,,
where L is the OLA cation and n = 1, 2, and 3. The PL geaks
for n = 1 and n = 2 are at 506 and 566 nm, respectively.'” The
lower the FA concentration, the more likely such compounds
will form, because protonated OLA will compete with FA-ions.
A continuous increase of Rg, from 0.5 leads to a red shift of NC
emission maximum, while the FWHM decreases and high-
energy peaks disappear (Figure le(f). An optimal FWHM
(<100 meV) appears at an FA ratio of approximately 0.8.
Variation of reaction temperature between 40 and 70 °C at this
optimal ratio has little effect on either NC size or emission
FWHM, with temperatures higher than 80 °C leading to
emission broadening, a decrease in size, and a significant drop
in PL intensity (Figure 1g—i). We find that a (low) surfactant
content in the reaction solution of 20% v/v is optimal and that
the addition of more surfactant is detrimental to the quality of
PL spectra. In the case of FAPbBr; we found an identical
behavior with respect to precursor mixing ratios, albeit the
bromide is much more prone to form nanoplatelets than the
iodide. To synthesize cubic crystals, higher temperatures of 80—
120 °C and higher OA contents are required (Figure S1). This
behavior is supported by the fact that the Pb-I systems are more
labile due to a lower melting point.

To gain full control over the stoichiometry and investigate
the observed behavior further, we tuned the lead-to-halide ratio
by using two separate precursors: one for Pb (Pb oleate) and
one for iodine (oleylammonium iodide, Method 2). In this
case, the expression for FA content becomes Ry, = [FA]/([FA]
+ [Pb] + [I]). Significantly, by adjusting the relative contents of
FA, Pb, and I in the reaction solution, we are able to directly
control the NC shape (Figure 2). Low FA and Pb
concentrations favor sharp emission peaks from nanoplatelets
at approximately 565 (n = 2)'” and 630 nm (attributed to n =
3). Conversely, higher concentrations of these ingredients (with
respect to iodine) suppress these peaks, and the PL maximum
from cubes (at 790 nm) becomes more prominent. In general, a
lower synthesis temperature favors nanoplatelets, probably due
to a decrease in solubility of precursors and crystals in
agreement with current theory of platelet formation.*”

We now turn our attention to the mixed halides and
synthesize FAPb(Br/1); following Method 1, using Pbl, and
PbBr, precursor solutions, and defining the iodine content as Ry
= [1]/((1] + [Br]) in the reaction solution. After careful
mapping of the precursor ratios, ligand concentrations and
temperatures (Figure S2), we find that full color tuning of the
PL by bromide-to-iodide ratios from infrared-emissive FAPbI;
(790 nm) to green-emissive FAPbBr; (530 nm) is achievable.
Full tuning occurs under conditions that are also ideal for pure
FAPDI;, namely, low temperatures of 40—60 °C and lower
concentration of ligands. However, the emission intensity
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Figure 2. Dependence of FAPbI; PL spectra on precursor
stoichiometry at 30 °C (a—c) and 60 °C (d—f). The Pb:I ratios are
1:1 (a, d), 3:1 (b, e), or 1:3 (c, f). The Ry, values (Rpy = [FA]/([FA]
+ [I]+ [Pb]) are indicated in the associated legends.

becomes very low when R; < 0.3 (Figure 3b), corresponding to
PL maxima below 650 nm. An increase of Br content is also
accompanied by an increase in FWHM from approximately 100
to 160 meV (Figure 3c). We attribute this broadening to a
tendency of Brrich NCs to phase-separate. Such phase-
separation-like behavior has been reported recently for
FAPb(Br/I); nanoplatelets.'” Interestingly, this result stands
in direct contrast to CsPb(Br/I);, where stability decreases with
increasing iodine content. The observation of intense PL in the
range of 690—790 nm with FWHM values not exceeding 50 nm
(Figure 3c,d) clearly extends and complements the possibilities
of a CsPb(Br/I); system (PL maxima below 690 nm). At
higher synthesis temperatures, the tunability of PL maxima is
restricted to progressively narrower spectral ranges and
becomes essentially nontunable at 120 °C (Figure 3a). We
hypothesize that this temperature-dependent wavelength
tunability originates in the growth mechanism of the NCs.
FAPbI; NCs form first, followed by the incorporation of Br.
Kinetic studies (described below) further corroborate this
scenario. Moreover, an inhomogeneous distribution of Br
within individual crystals or across a population may offer an
additional explanation for the emission broadening with
increasing Br content. To access growth kinetics, a bespoke
microfluidic setup is used,” wherein online PL spectra at
multiple points along the heated zone can be recorded. This
affords in situ and time-dependent sampling on time scales
ranging from 100 ms up to several seconds after precursor
mixing and temperature variation. The handling of precursors
was performed according to Method 1. Similar to the earlier
findings with CsPbX; NCs, the NC growth is essentially
complete within a few seconds, as judged from the plateaus in
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R, values without corresponding spectra yielded minimal PL emission. (b—d) PL peak position (b), FWHM (c) and PL peak intensity (d),
corresponding to the spectra in (a), as a function of R;. The colors of the plots indicate the synthesis temperatures as defined in the legend in (b).

the intensity and emission maxima vs time plots. Formation of
FAPDbI; NCs occurs in a different manner to the growth of
FAPbBr, (Figure 4a).

Specifically, from a very early stage, emission from FAPbI;
NCs appears as a single band that evolves to longer
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Figure 4. (a) Time-evolution of PL spectra during the synthesis of
FAPbBr; or FAPbIL; at 80 °C. (b, c) Time-dependence of PL peak
position (b) and FWHM (c) for FAPbI, synthesis. We define t = 0 as
the time when droplets enter the heating zone. The colors of the
spectra in (a) correspond to the reaction time with magenta being the
shortest and red the longest.
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wavelengths (680—780 nm) with NC growth, along with the
narrowing of FWHM due to size-focusing (Figure 4b,c). In the
case of FAPbBr; NCs, multiple platelet-like emission peaks
appear first, followed by a transition to a single peak at
approximately 530 nm (Figure 4a). We observe this behavior
repeatedly over a range of temperatures (Figure S3).

A kinetic study on the formation of mixed FAPb(Br/I); NCs
points to the scenario hypothesized above, i.e., formation of
FAPDI; and subsequent incorporation of Br. In the case of
lower surfactant loadings (20% v/v, oleic acid in excess), ie.,
optimal conditions for FAPbIL; NC synthesis (Figure Sa), all
kinetic curves follow the trend of pure FAPbI; during the first
few seconds. This indicates that, as previously suggested, the
FAPDI; crystal forms first. Subsequently, bromide starts to
incorporate and counteracts the band-gap narrowing caused by
crystal growth. With the highest Br content in the reaction
solution (blue curve in Figure Sa), the incorporation of
bromide reverses the trend at about 3 s and the PL peak shifts
back to 660 nm. Interestingly, higher surfactant contents seem
to favor faster Br incorporation (Figure Sb), in agreement with
the previous observation that higher surfactant concentration
improves FAPbBr; formation.

B CONCLUSION

With this study on FA-based perovskites, we have covered the
second major single-A-site family of bromide-iodide perovskites
(with the other being Cs), paving the way for future work on
Cs-FA mixed-cation systems of an even higher complexity. We
have identified optimal synthesis conditions for both pure
FAPbI; and FAPbBr; as well as mixed FAPb(Br/I);. Addition-
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Figure S. Evolution of the PL peak position during the synthesis of
FAPb(Br/I); at 80 °C with varying iodide precursor molar ratio, as
indicated in the associated legend. (a) Low surfactant loading (35% v/
v). (b) High surfactant loading (80% v/v).

ally, we have shown how the precursor stoichiometry in the
reaction solution affects the shape of the resulting NCs.
Significantly, we achieved emission FWHM below 50 nm for
the wavelength range between 690 and 790 nm, which is
beyond the reach of CsPbX; perovskite NCs. We also
demonstrated that, in direct contrast to CsPb(Br/I); NCs,
the optical quality of FA-based NCs decreases with increasing
Br content. In addition, we identified a difference existing in the
growth mechanisms of FAPbI; and FAPbBr;. Bromide shows
platelet-like emission during the growth, whereas iodide grows
directly into cubic-shaped, near-infrared-emitting NCs. Kinetic
studies of the mixed halides reveal that the FAPbI, lattice forms
first and incorporation of Br follows shortly thereafter.
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