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Continuous room temperature synthesis of MAPbXs perovskite
nanocrystals was conducted using a facile flow reactor. The
process exhibited outstanding reproducibility and the resulting
nanocrystals showed a narrow size distribution, high stability and
excellent emissive properties. Their photoluminescence can be
tuned by changing the halide composition to cover the visible and
near-infrared region.

Organo lead halide perovskites are a class of materials that
show high absorption coefficients," long carrier diffusion
lengths,” high carrier mobilities® and low trap densities.* Due
to these unique properties, as well as their easy solution
processability, they have been widely investigated as
absorbers for solar cells.>® Perovskite solar cells show highly
competitive efficiencies, increasing from 3.81% in 2009” to
22.1% in less than 10 years.?

Along with the development of bulk perovskite materials,
perovskite nanocrystals (NCs) have also attracted significant
interest, as they display size-dependent absorption and emis-
sion, narrow emission width and high quantum efficiency.”™*
MAPD(Br, 31 5); (MA = methylammonium) NCs have been used
as interlayers® for perovskite solar cells, placed between a
MAPDI; layer and hole-transporting layer (HTL). The NCs im-
proved the device performance and the increase in efficiency
was attributed to improved hole transfer at the interface.
CsPbl; NCs have been used as the absorber layer for solar
cells' with an efficiency of 10.77%, high stability and an
open-circuit voltage as high as 1.23 V. Moreover, both CsPbX; '
and MAPbX; "> NCs have been investigated for applications
in LEDs showing narrow bandwidth and easy tunability
across visible and near infrared range.
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Currently, the synthesis of APbX; perovskite NCs is mainly
based on two methods: ligand-assisted re-precipitation
(LARP)"™ and hot injection (HI)." In LARP the perovskite pre-
cursors are dissolved in a solvent (typically DMF or DMSO)
and the nanocrystals precipitate out when the mixture is
injected into an anti-solvent (e.g. toluene, hexane). In LARP,
bulk material is formed as a by-product together with the
nanopatrticles, which limits the synthetic yield."* In HI, a Cs-
oleate solution is injected into a PbX, solution at elevated
temperature. This method normally requires temperatures of
over 100 °C, and is most commonly used for the synthesis of
Cs-based perovskites and rarely for MAPbX; nanocrystals."®
Although these two methods result in the formation of highly
emissive perovskite NCs, the synthesis is typically carried out
in batch systems which are characterized by poor heat and
mass transport, making the large-scale production difficult
due to the limitations on their scale-up.

A promising alternative is the use of flow reactors for the
continuous production of perovskite NCs. Flow reactors are
characterized by enhanced mass and heat transfer, higher re-
producibility and better yield compared with batch synthe-
sis,"®'” and are particularly suitable for large scale produc-
tion. Flow systems have been successfully used to synthesize
a variety of nanomaterials, including metal nanoparticles,"®
metal oxides™ and colloidal semiconductors.’™*' Wu et al.
demonstrated the synthesis of silver nanoparticles with nar-
row size distributions in helical microreactors in the absence
of capping ligands."®

To date, very little work has been carried out on the flow
synthesis of perovskite NCs. Lignos et al.>> reported an ele-
gant flow synthesis of CsPbX; nanocrystals using a method
developed from the HI technique; however the process re-
quired not only high temperatures of 120-180 °C, but also
the use of an oil carrier fluid which increased the system
complexity. Formamadinium lead halide nanocrystals have
also been prepared in flow - using microdroplets suspended
in a carrier fluid.>*** Online photoluminescence measure-
ments were used to probe nanocrystal structures as a
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function of precursor concentration and synthesis tempera-
tures from 40 to 100 °C.

In this communication, we report a facile and highly re-
producible continuous flow method for the synthesis of
MAPDbX; perovskite NCs using a single-phase system, demon-
strating the lack of diffusion limitations during such synthe-
sis, and thus, simplifying the process and its scale-up. In the
flow preparation of high quality formamadinium lead halide
nanocrystals described by Lignos et al and Maceiczyk
et al.,>>>* the FA containing solution was degassed at RT for
30 min under vacuum and heated to 120 °C under a nitrogen
atmosphere for another 30 min. Similarly, the halide precur-
sor solution was degassed for 1 hour at 130 °C under vac-
uum. Our method gives particles with a slightly wider size
distribution, but was carried out at room temperature using
all chemicals as received.

The setup developed for the flow synthesis of the perov-
skite NCs is depicted in Fig. 1. The full experimental proce-
dure is given in the ESLf Briefly, PbX, was dissolved in
1-octadecene (ODE) (solution 1) and methylammonium io-
dide or bromide (MAX) was dissolved in a mixture of ODE
and n-butanol (BuOH) (solution 2). Oleic acid (OA) and/or
oleylamine (OLA) were added as ligands. Neither solution
was degassed before use. Syringe pumps were used to inject
the solutions into a 3 meter PTFE reactor immersed in a wa-
ter bath at 30 °C. The synthesis worked well at room temper-
ature, however a slightly elevated temperature of 30 °C was
chosen to avoid any effect of fluctuating lab temperature on
the experiment. The perovskite NCs were observed to nucle-
ate quickly, forming small crystals that created a visible col-
our change in the tube a few seconds after mixing. No foul-
ing of the reactors walls was observed. The product was
collected in a container inside an ice bath. The resulting mix-
ture was very concentrated. It was centrifuged to remove
most of the suspended material - the resulting supernatant
was highly fluorescent. MAPbX; NCs are known to be unsta-
ble, due to the low energy of lead halide perovskite formation
and proton exchange reactions between surfactants and pas-
sivation ligands which leads to the facile detachment of the
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ligands.>® Unfortunately the NCs in ODE were only stable for
up to an hour before large scale precipitation of solid was ob-
served. To separate and stabilize the NCs, the pellet of solid
material obtained after centrifugation was resuspended in
toluene. This suspension was then centrifuged again and the
toluene supernatant solution was used without any further
treatment.

TEM images of MAPbI; NCs were taken for freshly pre-
pared nanocrystals (Fig. S61) and for nanocrystals that had
been stored as a suspension in toluene for >8 months.
Fig. 2a shows the NCs after 8 months, square particles are
clearly visible with a high morphological purity. The NCs
were very stable and the size/morphology did not change dur-
ing storage.

The NCs had sizes of 10.5 + 1.5 nm, as shown in the size
distribution histogram in Fig. S1.f The MAPbI; nanoparticles
show a good size distribution, although high temperature hot
injection methods have been used to prepare NCs with
slightly narrower size distributions. We are currently under-
taking a large scale systematic study to test whether similar
size distributions can be obtained using our simple room
temperature synthesis.

The structure of the crystals was confirmed by X-ray dif-
fraction (XRD) spectra taken for NCs coated onto a piece of
silicon wafer (Fig. 2b). Diffraction peaks at 14.0° and 28.3°
were observed, corresponding to the (110) and (220) planes
of the tetragonal perovskite phase. Notably, the peaks are
very broad compared to those observed for the bulk material
(see Fig. S27 and the inset of Fig. 2b), confirming the small
crystal sizes. Scherrer's equation was used to calculate the av-
erage crystal size.

7= KA/Bcos @

where 7 is the mean crystal size, K is the Scherrer constant K
= 0.89, 1 is the X-ray wavelength, B is the full width at half
maximum, and ¢ is the diffraction angle. Using this equa-
tion, the average crystal size was estimated to be 9.4 + 0.1
nm, which is in good agreement with the TEM results.

=

VNN

MAX +PbX, — MAPbX, ,

s

Ice bath
30 °C water bath

Fig. 1 Schematic diagram of the flow reactor system used for the synthesis of MAPbX3z nanocrystals at low temperature.
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Fig. 2 (a) TEM images of MAPbls NCs stored for over 8 months. The
inset is the high resolution TEM of a typical NC. The interplanar
spacing was measured to be 3.2 A, which is consistent with the (220)
plane of tetragonal phase MAPbls perovskite.?® (b) XRD patterns of
MAPbIs NCs coated on silicon wafer. The inset is the comparison of
the (110) peak of MAPbIls NCs with that of the bulk film.

The MAPDbI; NCs showed strong absorption and emission
in toluene solution (Fig. 3). The absorption onset is at ~740
nm, and the emission peaks sharply at 745 nm with a narrow
FWHM (full width at half maximum) of 39 nm. The absorp-
tion and emission are both blue-shifted compared to the bulk
material (spectrum shown in Fig. S37).

In our synthesis, no degassing treatments to the precursor
solutions were carried out. For comparison, the precursor so-
lutions were also degassed as they were in Kovalenko's re-
port.>* As shown in Fig. S4,f the PL responses of the samples
are very similar. Fig. S57 shows a TEM image of the nano-
particles. The peak positions of the non-degassed sample and
the degassed sample showed a small difference of only ~8
nm, and the peak width of the degassed sample was slightly
broader than for our standard procedure. The small differ-
ence in the PL spectra indicates a degassing treatment is not
required in our synthesis, probably due to the closed system
in microreactors which simplifies the synthesis. Notably, the
flow synthesis showed outstanding reproducibility, as shown
in the PL spectra of eleven independent repeats in Fig. S6.f
the emission peaks showed high conformity, centering on
742.4 + 1.6 nm, with the FWHM of 39.8 + 0.3 nm. The small
deviation indicates the high robustness of the method. While
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Fig. 3 (a) Absorption and photoluminescence of MAPbls NCs solution
in toluene. The insets show the solution under ambient and UV light.

(b) PL spectra taken for MAPbl; NCs solution over 39 days. The
solution was stored in a sealed vial at room temperature in the dark.

it is extremely difficult to calculate the yield of reactions pro-
ducing nanoparticles, we are able to make large volumes
containing gram quantities of suspended NCs.

Stability is an important problem for perovskite NCs, espe-
cially MA-based perovskite NCs which are normally much less
stable than Cs-based inorganic perovskite.">’ As is the case
with all NCs, they are prone to aggregation which has to be
prevented by the correct choice of stabilising ligands.
MAPDX; perovskites can also be easily decomposed into PbI, **
in the presence of polar solvents such as water. To investigate
the long term stability of the MAPDbI; NCs in toluene solution,
photoluminescence emission spectra were measured at regu-
lar intervals for more than one month, as shown in Fig. 3b.
The emission peak for the MAPbI; NC solution did not
change over 39 days, with no shifts or broadening observed.
This result suggests that the NCs are stable over this time.
The stability of the MAPbI; NCs was also confirmed by the
TEM images discussed above which were collected after the
NCs had been stored as a suspension in toluene for
8 months.

The facile flow synthesis was adapted for the preparation
of MAPbX; NCs with different halide compositions to tune
the luminescence properties. As shown in Fig. 4, the addition
of Br shifts the emission peak to lower wavelengths. A wide
range of MAPDbLBr;_, compositions was investigated, allowing

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Photo of sample vials under UV illumination and PL spectra of
MAPbI,Brs_, perovskite NCs in toluene with different halide compositions.

us to tune the emission between 485 nm and 745 nm. This is
a larger range than has previously been reported for
CsPbX;,"" and slightly wider than Zhang's report for MAPbX;
NCs' Zhang et al. reported tuneable emission of MAPbX;
NCs (made by the LARP method) between 515-734 nm when
the halide composition was changed from MAPbBr; to
MAPDL.

Our mixed halide nanocrystals also showed high stability,
as shown in the long term photoluminescence spectra for
MAPDIBr, and MAPbBr; NCs displayed in Fig. S8 and S9+ re-
spectively. For all of our compositions, excellent colour purity
was observed with FWHM below 50 nm which suggests a nar-
row size distribution.

The photoluminescent quantum yield of the MAPbI; NCs
in toluene was approx. 27%. The QY is not as high as that
found for many all-inorganic perovskite NCs, but is compara-
ble with several published reports on organic cation perov-
skite NCs.">**! Schmidt et al. reported QYs of up to 23%
for MAPbBr; NCs; Hassan et al. reported QYs up to 20% for
2D R,MA,_Pb,I;,,; perovskite NCs and Weidman et al
reported QYs of up to 22% for perovskite nanoplatelets with
various cation, metal and halide compositions. Interestingly,
the NCs with different halide compositions showed different
morphologies. As shown in Fig. S10,f the MAPbBr; NCs show
a spherical morphology with diameters of 2.8 + 0.3 nm. The
ultra-small size of the MAPbBr; NCs is believed to be respon-
sible for the emission below 500 nm. The mixed halide NCs
showed mixed morphologies between the cubic shape of the
MAPDI; and the spherical ones of the pure MAPbBr;. Addi-
tional in-line analysis would be needed to understand the
morphology evolution from cubes to dots between the iodide
and bromide perovskites and how mixing of the precursors

This journal is © The Royal Society of Chemistry 2018
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can affect it. Morphology can be improved by controlling the
nucleation and growth of the nanoparticles. Previously inves-
tigated strategies include modifying the ligand concentration
and ratios,”>** ligand chain length®***> as well as solvent ra-
tio,*® temperature®” and precursor concentration.*®*° Addi-
tional control can be achieved by novel purification strategies
such as flow electrophoresis and solvent selection.***!

In summary, a facile flow process has been developed for
the synthesis of organo-lead halide perovskite NCs using a
flow reactor. The process was carried out at 30 °C with high
reproducibility and, in contrast to existing methods,
degassing was not required. The perovskite NCs showed
small sizes with narrow size distribution, high stability and
excellent emissive properties. The emission peaks for MAPDbI;
NCs showed narrow FWHM of below 50 nm and remained
stable for at least 39 days. Moreover, the luminescence could
be easily tuned by changing the halide composition from
blue to near infrared with high colour purity. Further work
will focus on the effects of process parameters such as flow
rate and temperature on the sizes and luminescent properties
of the NCs and their applications in photovoltaic and LED
devices.
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