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ABSTRACT

Ligand-assisted reprecipitation (LARP) techniqueaisgpowerful approach for the
synthesis of organometal halide perovskite nant&iy$PNCs). The morphology and
surface property of the formed PNCs which deterniimasr optical properties are
ultrasensitive to the synthetic parameters. To antee the batch-to-batch
reproducibility of PNCs with excellent optical peaties, it is of central importance to
better understand the factors influencing the faionaof PNCs during LARP process.
Herein the dual-factor of the amount of perovsktrecursor and the polarity of
mixture solvent was modified by varying precursofuson volume (PSV) in the
LARP system. The concentration, size, surface saaté optical properties of the
synthesized CKENHsPbBr, PNCs as a function of PSV were systematically
investigated aiming to understand the influencehef dual-factor on the nucleation
and growth of PNCs. Experimental results revealest few crystal nuclei was
generated due to lower amount of precursor at I&®&Y, which was favorable for the
growth of large perovskite crystals. At the high&V, the inhibition of crystal growth
with increased amount of precursor was compendayethcreasing the polarity of

mixture solvent, which led to the dissolution offage ligands and eventually growth
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of large perovskite crystals. The obtained resuit® SV-dependent synthesis of PNCs

will be used as a guide to optimize the synthegi@meters in the LARP process.

Keywords: Perovskite nanocrystals; Ligand-assisted repratipn; Dual-factor;

Nucleation; Growth; Optical property

1. Introduction

Organometal trinalide perovskites ¢NH3;PbX; (X=CIl, Br, 1) materials are
attractive semiconductor materials with excelleptical and electrical properties and
great potential for a diverse range of applicationghotovoltaics [1-6], light-emitting
diodes [7-9], laser [10,11], and photodetectorsJ4R When reducing the dimension
of CHsNHsPbX; from bulk to nanoscale, i.e., in the quantum cadirspace, the
CHsNH3PbX; perovskite nanocrystals (PNCs) begin to displayaextinary optical
properties, including tunable emission over theirenvisible spectrum, narrow
emission linewidth and high quantum efficiency [16)er the past few years, a vast
body of research has been carried out mainly othsgrs and optical properties of
PNCs. Since Galian and Perez-Prieto first repottedfabrication of CENH3;PbB#r
PNCs using organic ammonium cations as cappingdigd®y hot-injection method in
2014 [16], solution-based approaches have beensx&dy investigated to synthesize
PNCs with various shapes, sizes and dimension231.7-

Ligand-assisted reprecipitation (LARP) techniqueng of the most convenient
solution approaches, in which the formation of PN@a be accomplished within a

few seconds without the needs of heating or pnvecitmosphere [9]. LARP is
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usually conducted by mixing the precursor solutmmsisting of a polar solvent,
perovskite precursor and organic ligand, with apubar solvent under vigorous
stirring at room temperature. Due to the differsolubility of CHNH3", PIF*, X in
polar and nonpolar solvent, the mixing produces ighlyn supersaturated state
immediately and then induces fast nucleation armavtir of CHNHsPbX; PNCs.
Various synthetic parameters play a crucial rolethe morphology and surface
property of resulting PNCs. For example, size-timabHNH;PbBr PNCs were
synthesized through varying the temperature of mle@polar solvent [18], the
precursor and ligand concentrations [19], or the raf CH;NH3Br to PbBs in the
perovskite precursor [20]. In addition, a variefyigands, polar and nonpolar solvents
were employed to fabricate GNHs:Pbk and CHNHsPbBr PNCs with different
shape and surface state [21]. Thus, in order toragiee the batch-to-batch
reproducibility of PNCs achieve excellent propestié is of central importance to
better understand the related synthetic parametitusncing the LARP process.
Although the influence of single factor on LARP ¢@ess has been
well-established, understanding of the combineeactffof several factors is also
important because practical synthesis of PNCs lysumlolves the variation of more
than one factor. The precursor and the polaritytr@ reaction system are two
important parameters during LARP process, whilecthrabined effects of both factors
on the synthesis and optical properties ofslHsPbX; PNCs are still poorly
understood. Herein, different precursor solutionugee (PSV) was introduced to

modify the amount of precursor and the polaritytleg mixture solvent at the same



time. The concentration, size, surface state ariatadgproperties of CENHsPbBg

PNCs synthesized with different PSV were systeralyicnvestigated, aiming to
understand the influence of the dual-factor onniheeation and growth of PNCs. The
experimental results will be used as a guide tonopé the related synthetic

parameters in the LARP process.

2. Experimental

2.1.Materials

Lead(ll) bromide (PbBt 99%), methylamine (Ci\H,, 33 wt% in absolute
ethanol), hydrobromic acid (HBr, 48 wt% in wated)N-Dimethylformamide (DMF,
analytical grade, 99.5%), oleic acid (OA, analtigeade) and n-octylamine (99%)
were purchased from Aladdin Reagent Company. Aitalytgrade toluene and
diethylether were purchased from Beijing Chemicaagent Company. All the

chemicals were used without further purification.

2.2.Synthesis of C#NH;Br and CH(CH,);NH;Br (OABTr)

The CHNHsBr or CH(CH,);NH3;Br was synthesized through the reaction of
CH3NH, or n-octylamine with HBr based on previous work,[25]. The synthesis of
CHsNH3Br is listed as follows: The reaction solution dstiag of CHNH,and HBr
with the molar ratio of 1:1 was stirred for 2 han ice bath followed by vacuum
drying. The obtained slight yellow precipitates wewashed three times with

diethylether and dried under vacuum condition tb meified white powders. OABr



was prepared using the same method by mixing rlaoutgie and HBr in a 1:1 molar

ratio.

2.3.Synthesis of C¥H;PbBr; PNCs

CH3;NH3PbBrPNCs were fabricated following the reported LAREhtaque [9].
0.16 mmol CHNH3;Br and 0.2 mmol PbBrwere dissolved in 5 mL DMF (polar
solvent) with 0.5 mL OA and 0.08 mmol OABr to foranclear precursor solution.
Then, variable volume (0.5, 1, 2 mL) of precursoluson was dropped into 10 mL
toluene as a nonpolar solvent under vigorous mgjriat room temperature. After
centrifugation at 7000 rpm for 5 min to discard finecipitates, green or yellow-green

CHsNH5;PbBE PNCs solutions were obtained.

2.4.Characterizations

The X-ray diffraction (XRD) patterns were taken an X-ray powder
diffractometer (D/Max 2200V, Japan) using a G@k=1.5405981A) radiation source.
The XRD samples were prepared by drop casting P¥digions onto quartz sample
holder and dried overnight. Liquid samples depdsi@ amorphous carbon-coated
copper grids were analyzed using a FEI Tecnai GR Fansmission electron
microscopy (TEM) instrument operating at an acegien voltage of 200 kV. The
morphology of the precipitate was observed usingnsimg electron microscopy
(SEM, SUB8010, Hitachi, Japan). The X-ray photoetettspectroscopy (XPS) data
was collected on a X-ray photoelectron spectrométeAlpha, Thermo Electron
Corporation, USA). The C 1s peak at 284.8 eV wassa reference for all XPS peak

positions. The SEM and XPS samples were preparadtdyy casting PNCs solutions
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on silicon wafers and also dried overnight. The V&/-absorption spectra were
obtained on a spectrophotometer (U-3310UV, Hitagapan) and photoluminescence
(PL) spectra were measured on a fluorescence spbecdtiometer (F-4500, Hitachi,
Japan). The absolute PL quantum yield (PLQY) wasrdened by quantum vyield
measurement system (C9920-02G, Hamamatsu, Japtnpawiintegrating sphere at

room temperature.

3. Results and discussion
3.1.LARP synthesis of GNHs;PbBr; PNCs

Different volumes of precursor solution containiagfixed concentration of
CHsNH3PbBR precursor (PbBrand CHNH3Br) and organic ligands (OA and OABY)
were dropped into a vigorously stirred toluene sotvat room temperature. Once the
precursor solution was mixed with the toluene,dbler of the mixture became bright
green immediately in all cases, which indicated frenation of perovskite crystals.
After removing the relatively larger particles bgntrifugation, clear supernatant
solutions with different concentration of PNCs wet#ained. It should be noted that

the amount of the precipitate was found to incr

ggs®mpanying with higher PSV in
the reaction mixture (28, 42 and 60 mg per batechgu®.5, 1 and 2 mL precursor
solution, respectively). Fig. 1a and 1b present @é&NH;PbBr PNCs solutions
synthesized with different PSV under normal indbgint and UV light illumination.

The solutions show bright luminescence under UYtligsing PSV of 0.5 or 1 mL. In

contrast, the luminescence intensity of PNCs smiutibtained from 2 mL precursor



solution is substantially lower, indicating a lovsemcentration of PNCs, which is also
consistent with the higher amount of the precipitathe crystal structure of the
synthesized CkNH3;PbBr PNCs and the corresponding discarded precipitate wa
characterized by XRD, as shown in Fig. 1c. Bothatgrepared CiNH;PbBr PNCs
and the precipitate possess a cubic structure €spaip, Pm-3m). The XRD peaks
located at 2 of 14.9, 21.2 and 30.8 can be assigned to the diffractions from (100),
(110) and (200) planes, respectively. The sharipadtion peaks from the precipitate
indicate the formation of perovskite crystals widrge particle size based on
Debye-Scherrer equation, as also observed in Bignlcontrast, the full width at half
maximum (FWHM) of the diffraction peaks become ki®afor PNCs, and the
crystallinity decreases, corresponding to the smpérticle size and the
superimposition of background peak originating frorganic ligands [26].

Fig. 1e shows the UV-vis absorption and PL speotr&€H;NHs;PbBr PNCs
synthesized with different PSV. The absorption tasee all around 520 nm. The
optical band gaps, measured from the absorpticam ukihg Tauc plot ¢fv)®vs hv for
a direct allowed transition, whereis absorption coefficient, h is Planck’s constant,
andv is frequency of incident photons) are 2.3-2.35@\¢ PL emission spectra show
peak positions at 526-528 nm (FWHM=20 nm) with &ton at 350 nm. Thus, the
PNCs have a small Stokes shift (5-8 nm) betweenatisorption and the emission
peak, which is consistent with a direct excitonorabination process. Additionally,
the gradually reduced absorbance is observed hatimtcreasing PSV, which could be

also associated with the decreased concentratiBiNGfs in solution.



In order to further find out the relationship beéme PSV and PNCs
concentration, 0.1 mL precursor solution was atgmduced in LARP system. After
mixing and centrifugation, a high amount of pre@® and a colorless supernatant
were obtained, indicating substantially low concatn of PNCs in solution. It is
known that the formation of perovskite particlerealized by supersaturation and
following rapid nucleation and growth processescaxding to LaMer and Dinegar’s
model, the nucleation and growth of PNCs is higtigpendent on the precursor
concentration, reaction temperature, etc [27]. Herthe dual-factor of amount of
precursor and polarity of the mixture solvent beesrthe key factor governing the
two processes. At the PSV of 0.1 mL, few crystatl@uare generated in the mixture
due to the low amount of precursor, which is fabteaor the growth of perovskite
crystals, and hence leads to low concentratiorN&E$ With the increase of PSV, both
the amount of precursor and the polarity of thetumix solvent which relevant to the
ratio of DMF to toluene are increased. When ingedafe volume to 2 mL, on one
hand, a large amount of nuclei would generate ishart period as a result of
supersaturation, which could suppress the growtheobvskite particles. On the other
hand, the mixture solvent with high polarity collelp to activate the particle surface
by dissolving the surface ligands, which in turomote the growth of perovskite
particles. The obtained low concentration of PN@ssolution demonstrates the
dominant effect of high polarity on the growth Mi®s. In contrast, at the PSV of 0.5
mL, a large amount of nuclei are produced, mosthef grains grow up to the

nanometer level. Besides, the low polarity of migtgolvent may have less effect on



the surface ligands of the particles. Compared.1oadd 2 mL of PSV, the 0.5 mL
sample has the highest yield of PNCs concentraiitws, in order to achieve high

concentration of PNCs, it is of importance to malkage the PSV to the optimized

range in the LARP process.
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Fig. 1. Photographic images of the efHsPbBr PNCs solutions synthesized with different PSV
under (a) normal indoor light or (b) UV light illumation. (c) XRD patterns of PNCs synthesized
with 0.5 mL precursor solution and the correspoggrecipitate. (d) SEM image of the precipitate.
(e) UV-vis absorption and PL spectra of thes@H3;PbBr PNCs solutions and the inset shows the

comparison of absorbance of PNCs synthesized wigreht PSV.

3.2.Characterization of CENH;PbBr; PNCs

TEM was employed to exam the structure and morgyolof the prepared
CH3:NH3;PbBr PNCs. The corresponding TEM, high resolution TEMR{HEM)
images and size distribution (each obtained ongkl€icles) are shown in Fig. 2. All

PNCs exhibit spherical shape. The HR-TEM image€IdiNH;PbBr PNCs present



clear lattice fringes, which suggest a highly alste structure. The interplanar
distances of 2.91 and 2.92 A in HR-TEM images ang ¢lose to that of (002) plane
measured by XRD (2.95 A). The average diameterldfNEl;PbBr PNCs is 7.08 +
1.1 nm and 5.7+ 0.5 nm for the 0.5 mL and 2 mL damgespectively. It is worth
noting that PNCs obtained from 2 mL precursor sotupossess smaller particle size,

which exactly results from the growth inhibitiorfeaft caused by the large amount of

crystal nuclei mentioned above.
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Fig. 2. TEM, HR-TEM images and size distribution histogsaofithe PNCs synthesized with 0.5 mL
(aand c) and 2 mL (b and d) precursor solution.

As for the PNCs synthesized with 2 mL precursoutsah, an obvious color
change is observed upon dilution with more tolugxseeshown in the photographs of

Fig. 3a, under UV light illumination, the changeinsmediately apparent, from light
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blue to bright green. The UV-vis absorption spedtraFig. 3a also indicate an
increased absorbance after dilution. According ¢erd_ambert law, the absorbance is
proportional to the concentration at linear regibherefore, we can conclude that the
concentration of CkENH3;PbBr PNCs in the 2 mL sample increases upon dilution.
Additionally, the PL spectrum of the 2 mL samplspdays only one peak at 527 nm,
while an additional peak at shorter wavelength appefter dilution, which is not
observed in the dilution of the 0.5 mL or 1 mL sd&mpAs mentioned above, the
polarity of the mixture solvent increases with therease of PSV. The perovskite
precursor, and especially the ligands on the sertdd®NCs may redissolved in such
solvent. A subsequent dilution of the 2 mL sampithvoluene again leads to the
precipitation of CHNHsPbBr PNCs. Furthermore, with the higher concentration of
the ligands stabilizing the surfaces, the newlynied PNCs possess a much smaller
size of 2-4 nm (see Fig. 3b), comparable or sm#tian the exciton Bohr diameter of
bulk CHNH3;PbBr (=4 nm). The smaller PNCs with a higher degreeajudntum
confinement eventually lead to the pronounced Bhi#-of new peak as compared to

the original one in the PL spectrum [28].
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illumination of the 2 mL sample before and aftdution. The inset shows the comparison of UV-vis
absorbance of the 2 mL sample before and aftetiailu(b) TEM image of the 2 mL sample after
dilution.

XPS analysis was also performed to investigate dhdace state of PNCs
synthesized with 0.5 or 2 mL precursor solution.sAswn in Fig. 4, in both cases, the
XPS spectrum of Pb 4f shows two symmetric peakiated to Pb 44, and Pb 44,
level at binding energies of 138.7 eV and 143.6reSpectively. The spin orbit split
between the Pb 4§ and Pb 4, levels is of 4.87 eV, which is in agreement witle t
reported value (4.8 eV) in literature [29]. The Bf peak can be fitted into two peaks
centered at 68.8 and 69.8 eV, corresponding toither and surface Br ions,
respectively. The O 1s XPS spectrum can also bedfinto two peaks. The lower
energy peak at 532.5 eV results from two nonegeitalO atoms in oleic acid
(R-COOH), while the higher energy peak at 533.9 &h be assigned to two
chemically equivalent O atoms in carboxylate spe@& deprotonated oleic acid
(R-COO), which could bind to the surface Pb ions basedhard soft acid base
(HSAB) theory (see Fig. 4g). Although both R-CQ®orderline base) and Br

(borderline base) can bond with?Pgborderline acid), R-CO@an replace the Bof
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PbBy, for the binding constant of R-CO@ith P (Ig k;=2.52) is much larger than
the second step binding constant for BBy k,=0.7) [30]. The N 1s spectrum
contains two peaks, implying the two existing cheahstates of the N element. The
peak at 400 eV can be attributed to the methylammaie[31], while the peak at 402
eV could be originated from octylamine salt. Théymmonium cation binds to the
surface Br presumably through hydrogen bondindemtestatic interactions (see Fig.
49) [32-34]. The difference of intensity ratio dlese two peaks between the 0.5 mL
and 2 mL sample can be attributed to the smalker @ind higher specific surface area,
thus more amount of the ligands on the surface@PtmL sample.

PLQY is an important parameter to evaluate the mans efficiency of the PNCs.
It can be found that the PLQY of as-preparedHsPbBr; PNCs exceed 70% in the
case of 0.5 mL precursor solution, whereas the PL&YCH;NH;PbBr PNCs
synthesized with 2 mL precursor solution reachoasds 20-30%. It is known that the
PLQY represents the ratio between radiative andradrative recombination in the
PNCs, and the enhancement of non-radiative recatibmis usually generated by
the surface trap states in PNCs. In addition, tesgnce of OA/OABr ligands serving
as surface binding species could passivate thacdefects and prevent nonradiative
recombination at surface trap states. In our dage.5 mL sample has more efficient
surface ligands coordination for the relatively éwpolarity of mixture solvent.
Therefore, compared to the 2 mL sample, PNCs sgiztbe with 0.5 mL precursor
solution possess a relatively inert, well passiagbarticle surface and thus higher

PLQY.
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3.3. Stability of CHNHsPbBr; PNCs

The stability of PNCs is vital for application inptoelectronic devices. To
evaluate the stability of the synthesizeds8H;PbBrPNCs, the PNCs solutions were
placed under the dark at room temperature, and’thepectra were recorded after
different storage periods in the open air as shiowiig. 5. The absolute PLQYs were
also measured and summarized in Table 1. For thenQ.sample, the PL spectrum
keeps almost constant during the test. After 30sdayp detectable decrease of PL
intensity is observed. In addition, the initiallybserved 85% PLQY for the
as-synthesized 0.5 mL sample shows only slightedser with time and reaches a
value of 78% after 15 days and 67% after 30 dayggesting a high stability of the
PNCs. The excellent stability is assigned to the polarity of colloidal system which
could protect the surface of PNCs and inhibit tggl@ameration and degradation of
particles. However, the 2 mL sample presents a dasty of PL intensity with
Increase in time, e.g. the PL vanishes after 3@.d&ye concurrent decrease in PLQY
Is also observed. The initially observed 20% PLQ@¥ £ mL sample shows a
considerable decrease with time and reaches a vhlt&o after 15 days and totally
guenches after 30 days, which is likely due to mmete degradation of the PNCs in
the more polar mixture system.

Table 1. PLQYs obtained for the PNCs in different time intds

Sample PLQY (%) PLQY (%) PLQY (%)
(As-synthesized) (15 days) (30 days)
0.5mL 85 78 67
1mL 58 53 12

2mL 20 3 2

15
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and the inset shows the PL spectra of the PNCsureshsafter different days: (a) the 0.5 mL sample;
(b) the 2 mL sample.

4. Conclusions
In summary, CkNH3;PbBr PNCs were synthesized with variable PSV by LARP

approach. All the PNCs exhibited spherical shapgh narrow size distribution, green
emission with narrow FWHM and small Stokes shif6 (L of PSV was found to
yield highest PNCs concentration and excellent captproperties including high
PLQY and good stability. Both the amount of preourand the polarity of reaction
system play important roles in the nucleation armvh of PNCs. At the lower PSYV,
few crystal nuclei are generated due to lower arhotiprecursor, which is favorable
for the growth of large perovskite crystals. At tiigher PSV, the inhibition of crystal
growth with increased amount of precursor is corsp&d by increasing the polarity
of mixture solvent, which leads to the dissolutminsurface ligands and eventually
growth of large perovskite crystals. In addition\®s obtained from high polar
mixture exhibit substantially lowered PLQY and dibin air. The obtained results
on dual-factor effect on nucleation and growth &fG3 will be very instructive for

further studies in the LARP process.
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Highlights
® PSV was varied to modify precursor amount and polarity of mixture at the same time
® Concentration and optical properties of PNCs as a function of PSV were investigated

® Theinfluence of the dua-factor on the nucleation and growth of PNCs was reveal ed



