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ABSTRACT: Colloidal lead halide perovskite nanocrystals and nanoplatelets have emerged as promising semiconductor nano-
materials due to their spectral tunability, facile processability, and bright emission with high color purity. In particular, strong quan-
tum- and dielectric confinement make atomically thin colloidal lead bromide perovskite nanoplatelets a favorable candidate for
next-generation deep-blue-emitting (Amax = 437 nm) materials. However, poor photostability poses a critical challenge; colloidal
nanoplatelets suffer from photobleaching or transformation into thicker, less-confined nanostructures with red-shifted emission
upon UV irradiation. In this study, we synthesize deep-blue-emitting organic-inorganic hybrid perovskite nanoplatelets (Formula:
L2[ABX3]BXa, L: butylammonium and octylammonium, A: methylammonium or formamidinium, B: lead, X: bromide or iodide)
with large lateral dimension (~1 pm) by ligand-assisted reprecipitation and systematically investigate the factors that affect the pho-
tostability of those nanoplatelets. We find that freshness of the prepared precursor solutions for ligand-assisted reprecipitation is
critical to obtain better stability with high photoluminescence quantum yield of perovskite nanoplatelets. Photobleaching is found to
result from intrinsic instability of the perovskite lattice against UV irradiation in nanoplatelets, while transformation into thicker
nanostructures results from extrinsic factors — moisture, primarily. Furthermore, we observe that substitution of the organic cation
from formamidinium to methylammonium and addition of excess alkylammonium bromide ligands significantly enhances both the
ambient and photostability. Lastly, we demonstrate that the dropcast film of methylammonium lead bromide nanoplatelets with
excess alkylammonium bromide ligands shows dramatically improved stability both under UV irradiation and under ambient condi-
tions. This study expands our understanding of the factors that affect perovskite nanoplatelet photostability and opens up new pos-
sibilities for the fabrication of stable perovskite-nanoplatelet-based optoelectronic devices.

Introduction

One of the most successful commercial applications of sem-
iconductor nanomaterials is in light-emitting technologies.*
However, achieving efficient deep-blue luminescence — re-
quired for a wide color gamut — has been challenging, com-
pared to the state-of-the-art red and green luminescence. Blue-
emitting devices fabricated with wide-bandgap semiconductor
materials still suffer from limited operational lifetime, effi-
ciency roll-off, low charge carrier mobility, relatively low
efficiency compared to green and red analogues, and high
manufacturing cost.?”

Recently, lead halide perovskites, with formula ABXz (A =
small cation, B = Ph, X = Cl, Br, 1), have emerged as a prom-
ising class of materials for optoelectronic applications. Rapid
development of perovskite solar cells®! has demonstrated
their fascinating properties such as low-temperature
synthesis,? long charge carrier diffusion lengths,*3¢ wide
compositional tunability'”*® and defect tolerance.’*?° Further-
more, when prepared as colloidal 3D nanocrystals,??* lead
halide perovskites can achieve large exciton binding energies
on the order of hundreds of meVv?2 and bright
luminescence.?-? Deep-blue luminescence from ABXs perov-
skites has been attempted through chloride incorporation to

shift the band gap to higher energies or by reducing the size of
quantum dots,*3% yet efficient deep-blue luminescence has
been elusive. Instead, two-dimensional (2D) lead bromide
perovskites (L2[ABX3]BXa, where L = butylammonium or
octylammonium) have emerged for deep blue luminescent
applications due to their strongly quantum- and dielectric-
confined nature, leading to thickness-dependent tunability and
spectrally narrow emission with small Stokes shifts.3*** Direc-
tional light emission, previously observed in other 2D semi-
conductor nanomaterials,*>*¢ further highlights the possibility
of enhancing the outcoupling efficiency of 2D-perovskite-
based devices. Multiple methods have been reported on the
synthesis of 2D perovskites including ligand-assisted reprecip-
itation,®* 3% %4 hot-injection synthesis,®® “° and layered perov-
skite crystal growth.*- “% 47 Colloidal 2D perovskites, some-
times referred to as perovskite nanoplatelets, are highly prom-
ising for their additional property of solution processability.
However, progress in blue light emission from 2D perovskites
has lagged behind that of red- and green-emitting materials,
and their optoelectronic devices either do not reach the deep-
blue region,***! are low in efficiency,® 2 or are unstable un-
der operating conditions.3® 52
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Many authors have noted that lead bromide perovskite na-
noplatelets undergo significant changes to their optical proper-
ties when exposed to ultraviolet (UV) light.®* 5 Poor photo-
stability poses a crucial obstacle to realizing commercial light-
emitting technologies, yet comprehensive understanding of the
factors influencing photostability in perovskite nanoplatelets is
lacking. In this work, we synthesize colloidal organic-
inorganic hybrid lead bromide nanoplatelets, which emit in the
deep-blue region (Amax = 437 nm), by facile ligand-assisted
reprecipitation methods. We then categorize the photoinstabil-
ity of perovskite nanoplatelets into two aspects: photobleach-
ing, which refers to the decrease in photoluminescence (PL)
intensity, and transformation, resulting in the emergence of PL
peaks with different wavelengths from the original peak. We
find that using freshly prepared precursor solutions dramati-
cally enhances the stability, in addition to substituting forma-
midinium for methylammonium and isolating samples from
moisture. Lastly, we show that adding excess alkylammonium
bromide surface capping ligands further enhances the intrinsic
stability of nanoplatelets. Dropcast films of nanoplatelets with
excess ligands exhibit impressive stability both under UV and
under ambient conditions. These photostability studies on col-
loidal perovskite nanoplatelets serve as a guide for future fab-
rication of stable and efficient deep-blue emitting devices.

Experimental Methods
Colloidal perovskite nanoplatelet synthesis:

Colloidal perovskite nanoplatelets were synthesized using
the ligand-assisted reprecipitation method under N2 atmos-
phere in a glovebox. Individual precursor solutions were pre-
pared by dissolving precursor salts (AX, BXz, LX) in anhy-
drous N,N-dimethylformamide (DMF) at the concentration of
0.2M. Those precursor solutions were then mixed in specific
ratio to achieve desired thickness and composition (See the
Supporting Information file for details). A 1:1 mixture of bu-
tylammonium and octylammonium was used as the capping
ligand. To form nanoplatelets, 10 pL of this mixed precursor
solution (unless stated otherwise) was dropped into 10mL of
toluene under vigorous stirring. To ensure complete crystalli-
zation, solutions were left under stirring for 5 minutes (for
bromide nanoplatelets) or 10 minutes (for iodide nanoplate-
lets).

Photostability experiment:

Solution: 2.5 mL of as-synthesized colloidal perovskite na-
noplatelet solutions were transferred into quartz cuvettes under
specified atmospheric conditions and irradiated with continu-
ous-wave UV light from a 365 nm fiber-coupled LED
(Thorlabs) at specified intensity, while stirring, with photolu-
minescence spectra taken every 6 seconds. Absorption spec-
trum of the solution was measured before and after UV irra-
diation.

Film: For thin film studies, perovskite nanoplatelets were
synthesized in larger quantity by dropping 100 uL of precursor
solution into 10 mL toluene. Then, nanoplatelets were centri-
fuged at 4300 rpm for 10 minutes, redispersed in 100 pL tolu-
ene, drop-cast onto glass slides and dried under vacuum. Thin
film samples were irradiated by continuous-wave UV light
from a 365 nm fiber-coupled LED (Thorlabs) at the specified
intensity, with photoluminescence spectra taken every 6 sec-
onds.

Atmosphere control: A vacuum pump and N2 feed were
used to control the atmosphere inside Aldrich AtmosBag, with
a water bath and the desiccant (MiniPax absorbent packets)
controlling the relative humidity.

Characterization:

Photoluminescence spectra (PL): PL spectra were collected
using an Avantes fiber-optic spectrometer. 365 nm fiber-
coupled LED (Thorlabs) was used to excite samples.

Absorption spectra: Absorption spectra were taken using
Cary 5000 UV-vis spectrophotometer.

Photoluminescence quantum yield (PLQY): PLQY meas-
urements were performed using an integrating sphere and
Avantes fiber-optic spectrometer.® 405 nm laser diode
(Thorlabs) was used to excite samples.

Fourier transform infrared spectroscopy (FTIR): FTIR was
performed using a Thermo Fisher 6700 FTIR spectrometer.
FTIR samples were drop cast onto NaCl (Real Crystal IR
samples cards, International Crystal Laboratories). Spectra
were background subtracted, normalized and smoothed with 5-
point adjacent averaging for comparison.

'H nuclear magnetic resonance (NMR): NMR spectroscopy
was performed on a Bruker AVANCE 11l — 400 NMR spec-
trometer. NMR samples were prepared by drying aged MABr-
DMF solutions under Nz, then redissolving the residue in deu-
terated DMF. NMR spectra were normalized with respect to
DMF CH peak intensity and analyzed in MNova (v. 12.0.0,
Mestrelab Research.)

Transmission electron microscopy (TEM): TEM images
were taken using FEI Tecnai G2 Spirit Twin instrument oper-
ating at 120kV. TEM samples were prepared by centrifuging
nanoplatelets, redispersing in small amounts of toluene (~ 300
pL) and drop-casting onto TEM grids.

Scanning electron microscopy (SEM): SEM images were
taken using Zeiss Merlin instrument operating at 5kV. SEM
samples were prepared by making large quantity of nanoplate-
lets by dropping 100 pL of precursor solution into 10 mL tolu-
ene, centrifuging nanoplatelets, redispersing in 100 pL toluene
and then drop-casting onto silicon wafer substrates.

X-ray diffraction (XRD): XRD was performed using a
PANalytical X Pert Pro operating at 45 kV and 40 mA with a
copper radiation source. HighScore Plus software was used to
subtract the background. XRD samples were prepared by mak-
ing large quantity of nanoplatelets by dropping 100 pL of pre-
cursor solution into 10 mL toluene, centrifuging nanoplatelets,
redispersing in 100 pL toluene and then drop-casting onto
glass slides.

X-ray photoelectron spectroscopy (XPS): XPS was per-
formed using a Physical Electronics Versaprobe Il. Spectra
were charge corrected to put principal C1s peak at 284.8 eV,
smoothed and normalized. XPS samples were prepared by
centrifuging nanoplatelets, redispersing in small amounts of
toluene (~ 30 pL) and drop-casting onto glass slides.

Dynamic light scattering (DLS): DLS was performed using
a Wyatt Mobius with a 532nm laser. Measurements averaged
5 acquisitions of 10 seconds each, and autocorrelation curves
were fitted using Wyatt Dynamics V7 software.

Results and Discussion
Nanoplatelet Synthesis and Characterization
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Figure 1. Synthesis and characterization of lead halide perovskite nanoplatelets. (a) Structures of perovskite unit cell and perovskite
nanoplatelets with the chemical species used in this study. The parameter n indicates the number of lead halide octahedral layers in the
direction of nanoplatelet thickness. (b) Schematic illustration of nanoplatelet synthesis procedure. (c) Solution phase photoluminescence
and absorption spectra of colloidal n = 2 MAPDbBr nanoplatelets in toluene. (d) X-ray diffraction (XRD) pattern of a drop-cast n = 2
MAPDbBr nanoplatelet film. (e) Scanning electron microscopy (SEM) image and (f) Transmission electron microscopy (TEM) image of n

=2 MAPbBr nanoplatelets.

Colloidal perovskite nanoplatelets (Chemical formula:
L2[ABX3]n1BXas where n refers to the number of octahedral
[BXe]* layers in the direction of confinement) were synthe-
sized by a previously reported ligand-assisted reprecipitation
method* with slight modifications. Methylammonium (MA)
and formamidinium (FA) were used as A-site organic cations
in this study, with lead (Pb) as B-site metal cation, and bro-
mide (Br) and iodide (1) as halide anions. For better colloidal
stability and thickness control of nanoplatelets, a 1:1 mixture
of butylammonium (BA) and octylammonium (OA) were in-
corporated as ligands (Figure 1a).3

Schematic illustration in Figure 1b shows the synthesis pro-
cedure. First, precursor salts (AX, BXz2 and LX) were dis-
solved and precursor solutions were mixed in the desired ratio
for specific target thickness. Lastly, this mixed precursor solu-
tion was dropped into toluene and perovskite nanoplatelets
were crystallized due to the abrupt change in solubility. Fur-
ther details are included under Experimental Methods.

Through this method, colloidal n = 2 methylammonium
lead bromide (MAPbBr) nanoplatelets that emit in deep-blue
range (Amax = 437 nm) with narrow full-width-at-half-
maximum (FWHM = 14 nm) and small Stokes shift (4 nm)
(Figure 1c) were synthesized. When dropcast, the nanoplate-

3
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Figure 2. Photoinstability of lead halide perovskite nanoplatelets. (a) Schematic illustrations of two changes that nanoplatelets suffer under
UV irradiation. (b) Photoluminescence and absorption spectra of colloidal n = 2 MAPbBr nanoplatelets in toluene before and after UV
irradiation under air. (365 nm, 180 mW/cm?, 1 hour) (c-d) TEM image of n = 2 MAPbBr nanoplatelets before and after UV irradiation.

lets preferentially lay flat on the substrate with a stacking peri-
odicity of 2.2 nm, as seen by the periodic stacking peaks®* * at
integer multiples of 3.9° observed in the X-ray diffraction
(XRD) pattern (Figure 1d). The nanoplatelets, which have
lateral dimension ranging from 0.5-5 um (Figure le-f), appear
to be dispersed as individual sheets in the colloidal solution
based on contrast in transmission electron microscopy (TEM)
images (Figure 1f).

Classifying Types of Photoinstability

In Figure 2a, we categorize the two photoinstability phe-
nomena that nanoplatelets suffer under UV irradiation, namely
photobleaching and transformation. As seen in figure 2b, PL
from n = 2 MAPDBr nanoplatelets at 437 nm was greatly re-
duced after UV irradiation (“photobleaching™). Additionally,
PL emission peaks from thicker perovskite structures appeared
at 455 nm and 474 nm, which are believed to come from small
amounts of n = 3 and n = 4 structures that were formed during
UV irradiation (“transformation”).3® However, the decrease of
the excitonic feature at 433 nm in the absorption spectrum was
less extensive than the 77% decrease in the n = 2 PL peak
intensity after UV irradiation. Furthermore, it is noteworthy
that only the n = 2 excitonic feature, but notn =3 orn =4
features (which should appear at ~450 nm and ~470 nm re-
spectively),® was observed in the absorption spectrum after
UV irradiation. To test for a change in Pb oxidation state (sig-

nifying different chemical bonding in the sample), we charac-
terized the freshly prepared and irradiated samples with X-ray
photoelectron spectroscopy (XPS, Figure S5) but no signifi-
cant change was observed.

Transmission electron microscopy (TEM) images in Figure
2c and Figure 2d show the structure of nanoplatelets before
and after UV exposure (More images in Figure S3). In Figure
2c, individual nanoplatelets could be easily distinguished and
identified, although they were mostly stacked together pre-
sumably due to high surface-to-volume ratio. As shown in
Figure 2d, it became difficult to distinguish individual nano-
platelets once irradiated; we also observed regions of strong
TEM contrast in regions smaller than the lateral dimension of
the nanoplatelets (~1 pm), possibly revealing thickness varia-
tions within individual nanoplatelets or degradation products.

Based on the observed changes to the absorption and photo-
luminescence spectra and TEM structural imaging, we con-
clude that photobleaching arises from both degradation of a
portion of the nanoplatelet dispersion and a reduction in the
intrinsic PLQY of the remaining nanoplatelets. Additionally,
some of the n = 2 nanoplatelet structures are transformed into
less-confined (n = 3 and n = 4 in this case) structures either by
structural rearrangement within a single nanoplatelet or by
merging of multiple nanoplatelets. Downhill energy transfer
from thinner (higher-energy) to thicker (lower-energy) struc-

4
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15 UV irradiation (365 nm, 24 mW/cm?, 1 hour) under air, when

16 (@) freshly prepared and (b) 2-months-aged precursor solu-

17 tions were used.

18 tures combined with higher PLQY of thicker structures can

19 amplify the contribution of redshifted emitters in the ensemble

20 PL spectrum, as we observed in Figure 2b. Low enthalpy of

21 formation for perovskites®™ combined with facile ionic migra-

22 tion® is believed to facilitate the transformation of nanoplate-

23 lets into thicker structures in solution. Although slight redshift
of PL under UV have already been observed in perovskite

24 quantum dots (QDs),% this transformation behavior can be

25 especially problematic for strongly quantum-confined atomi-

26 cally- thin nanoplatelets because slight change in the thickness

27 induce dramatic changes to the ensemble optical properties.

28 Effect of Precursor Solution Aging

29 To investigate the role of precursor aging, we prepared na-

30 noplatelets using two different sets of precursor solutions. One

31 set of precursors was prepared fresh, while the other was

32 stored inside a nitrogen (N2) glovebox for two months before

33 use. Figure 3 shows PLQY and PL spectra of n = 2 MAPbBr

34 nanoplatelet dispersions prepared from fresh and aged precur-

35 sor solutions. In Figure 3a, n = 2 MAPbBr nanoplatelets syn-

36 thesized from freshly prepared precursor solutions showed

37 solution phase PLQY of 6.8% and did not transform into

38 thicker structures after moderate UV irradiation (24 mW/cm?)

39 under air for 1 hour. On the other hand, when synthesized
from aged precursors, PLQY dropped to 3.5% and PL from n

40 = 3 structures at 455 nm as well as the bulk-like emission

41 around 500 nm appeared, as indicated by the red arrows in

42 Figure 3b. Thus, it becomes evident that the aging of individu-

43 al perovskite precursors even under a N2 atmosphere affects

44 stability and PLQY of the resultant nanoplatelets.

45 To explain this precursor aging effect, the first possibility

46 considered was the formation of impurities through slow reac-

47 tion between alkylammonium bromide and DMF. Among

48 MABTr, BABr and OABr, MABr was chosen as a representa-

49 tive of alkylammonium bromide species because of low steric

50 hindrance and high reactivity. Fourier-transform infrared

51 (FTIR) spectroscopy and H nuclear magnetic resonance

55 (NMR) spectroscopy were employed to detect the presence of

53 any potential reaction products formed in the MABr/DMF

54

55

56

57

58

59

precursor solution after aging in N2 atmosphere for 0 days
(fresh), 2 days, 2.5 months, and 3.5 months. However, no sig-
nificant difference in the FTIR spectrum was observed (Figure
S6). Ammonium and methyl proton peaks were observed in
the 'H NMR spectrum at 8.11-8.20 ppm and 2.68-2.70 ppm,
respectively (Figure S6), as expected from previous studies.*®
However, there was no correlation with precursor aging time.
Instead, these shifts arise from differing concentrations of
water present during NMR sample preparation (see Supporting
Information). Furthermore we did not observe the appearance
of new peaks from side reactions via 'H NMR. Consequently,
the presence of side products from alkylammonium salts react-
ing with DMF was ruled out.

A second possible origin of the precursor aging effect that
was considered is a change in the size distribution of lead pol-
yhalide colloids in DMF. It has been reported that lead halide
exists as lead polyhalide colloids in DMF**! (i.e. [PbXs],
[PbX4]%, [PbXs]* and [PbXes]*) and the size distribution af-
fects crystallization kinetics during spin-coating perovskite
precursor solutions in DMF, further affecting the quality of
spin-coated perovskite crystal film.®? To test whether similar
behavior might be occurring in our reprecipitation synthesis,
we performed dynamic light scattering (DLS) measurements
to compare the colloidal size distribution of freshly prepared
and 2-month-old PbBrz solutions in DMF. Clear changes to
the size distribution before and after aging were evident in the
DLS autocorrelation decay profile (Figure S7), but large scan-
to-scan variation made a quantitative analysis difficult.
Though these measurements suggest that the presence of lead
polyhalide colloids in the precursor solution affects the photo-
stability of resulting nanoplatelets, the mechanism for this
effect is not understood.

Effect of Perovskite Composition

In Figure 4, we present data showing how composition of
nanoplatelets affects photostability under air. Four different
colloidal nanoplatelet solutions, n = 2 FAPbBr, n = 2 MAP-
bBr, n = 2 FAPbl and n = 2 MAPbI, were synthesized and
UV-irradiated under air while stirring in toluene. To induce
fast and dramatic change, extreme UV power density (A = 365
nm, 180 mwW/cm?) was used. Because lead and halide ions
mainly contribute to the formation of band edge electronic
states,'® both MAPbX and FAPbX nanoplatelets have similar
PL emission at 437 nm for X=Br and at 575 nm for X=I. In the

n = 2 FAPDbBr solution (Figure 4a), PL from bulk-like (n>6)

structures appeared immediately upon UV exposure, along
with photobleaching of the n = 2 PL peak at 437 nm. On the
other hand, photobleaching of the primary n = 2 peak was
mainly observed for the first 20 minutes of UV irradiation in n
= 2 MAPbBr nanoplatelets, followed eventually by the slow
appearance of PL peaks from n = 3 and n = 4 structures (Fig-
ure 4b). The iodide n = 2 analogues showed similar photo-
bleaching behavior as their bromide counterparts, as shown in
Figure 4c and Figure 4d. Interestingly, weak blue-shifted PL at
512 nm (n = 1) appeared between 10 and 20 minutes of UV
irradiation for both MAPbI and FAPbI, but no emission from
thicker structures was observed.
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Figure 4. Photoluminescence stability under air. (a-d) Evolution of photoluminescence spectra under UV irradiation (365 nm, 180
mW/cm?) for colloidal n = 2 FAPbBr, n = 2 MAPbBr, n = 2 FAPbI and n = 2 MAPbI nanoplatelets in toluene under air. (White dotted
lines indicate the peak positions for nanoplatelets with corresponding compositions and thicknesses.)
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tion spectra before and after UV irradiation. White dotted lines indicate the peak positions for nanoplatelets with corresponding composi-

tions.)

In Figure 5, we show the effect of UV irradiation on colloi-
dal nanoplatelet solutions under N2 atmosphere. Whereas n =
2 MAPDBr nanoplatelets partially maintained their PL intensi-
ty after 1 hour of exposure to UV (Figure 5b), n = 2 FAPbBr
nanoplatelets completely lost PL intensity in a few minutes
under UV irradiation (Figure 5a). It is also noteworthy that
photobleaching behaviors of n = 2 MAPbI and n = 2 FAPbI
nanoplatelets under N2 were similar (Figure 5¢ and Figure 5d),
as they also were under air (Figure 4c and Figure 4d). Fur-

thermore, transformation to n = 1 or n > 2 structures was not
observed in any of the four colloidal nanoplatelet dispersions
irradiated under N2, although they each demonstrated varying
degrees of photobleaching. Note that in Figure 5b-d, while
nanoplatelet PL intensity significantly dropped, corresponding
excitonic features in the absorption spectra did not decrease
nearly as much. This again demonstrates that photobleaching
is not solely due to a drop in PLQY nor degradation of nano-
platelets, but rather a combination of the two.
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Figure 6. Tolerance factors of lead halide perovskites.

Comparing the changes during UV irradiation under air
(Figure 4) and under N2 (Figure 5), we conclude that photo-
bleaching results from an intrinsic instability of the perovskite
nanoplatelet against photoexcitation, whereas transformation
of nanoplatelets to thicker or thinner structures requires the
participation of an extrinsic chemical species present in air
(discussed below). We note that no changes to the PL spec-
trum were observed when the nanoplatelet solution was irradi-
ated with sub-bandgap light of similar intensity at 785 nm
(Figure S9).

We hypothesize that the intrinsic instability of perovskite
nanoplatelets under UV photoexcitation can be correlated with
the structural stability of the underlying perovskite lattice.

Goldschmidt’s tolerance factor, defined as —2"%*— where ra,
V2(rg+rx)

rs and rx denotes ionic radii of A, B and X ions, respectively,
is one parametrization of the structural stability of the perov-
skite lattice.® A stable perovskite structure is predicted to
form when the tolerance factor lies between 0.8 and 1%, and
tuning the tolerance factor to enhance the stability is a popular
technique in the field of perovskite solar cells.’® 5" Figure 6
shows the tolerance factors of relevant bulk lead halide perov-
skites calculated from ionic radii values reported by Kieslich
et al.% Although it has been reported that slight lattice relaxa-
tion occurs for two-dimensional nanoplatelets®® compared to
bulk perovskites, we expect tolerance factors of nanoplatelets
to be similar to bulk perovskites. From Figures 4 and 5, we
observed that n = 2 FAPbBr nanoplatelets were least stable
compared to n = 2 MAPbBr, n = 2 FAPbI and n = 2 MAPDI.
As shown in Figure 6, n = 2 FAPbBr has the largest tolerance
factor, at the limit of the stable range for the perovskite struc-
ture. Considering that perovskites with large tolerance factors
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30 40 50
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tend to relieve strain by forming defect vacancies® and defects
in perovskite crystal can propagate,’ we believe that structural
instability of n = 2 FAPDbBr nanoplatelets may be one of the
main causes of such instability under UV irradiation. Also, it
has been reported that larger dipole moment of MA compared
to FA (2.3D for MA, 0.2D for FA) enables MA to more readi-
ly respond to the presence of charge carriers upon electronic
excitations.”™® In our systems, less facile reorientation of FA
within nanoplatelets, compared to MA, may result in less ef-
fective charge carrier screening and enhanced distortion of
crystal lattices. This can also contribute to the inferior stability
of n = 2 FAPbBr nanoplatelets. On the other hand, both n = 2
MAPbDI and n = 2 FAPbI nanoplatelets have tolerance factors
within the range where perovskite structures are stable and this
could explain why substituting A-site cation from FA to MA
does not significantly affect the photostability of iodide nano-
platelets, unlike bromide counterparts.

Water is the Source of Extrinsic Photoinstability

To identify the external chemical species responsible for the
transformation of nanoplatelets into thicker or thinner struc-
tures under UV irradiation, we performed the same experi-
ments shown in Fig.4 and Fig. 5 under three different con-
trolled environments: dry air, dry nitrogen, and humid nitro-
gen. In Figure 7a and Figure 7b, colloidal n = 2 MAPbBTr solu-
tions in toluene were irradiated with UV light (A = 365 nm,
180 mW/cm?) while kept under either dry air with 2.6% rela-
tive humidity (RH) or dry N2 with <0.3 ppm H.0O, respective-
ly. Both data sets show similar photobleaching behavior with-
out significant redshifted emission from thicker structures. In
contrast, when the nanoplatelet solution was irradiated under
humid N2 (RH 80%), n = 3 and n = 4 emission appeared with-
in 10 minutes and 20 minutes, respectively (Figure 7c). These
results confirm that moisture participates in the transformation
of nanoplatelets to different-thickness structures, whereas pho-
tobleaching occurs regardless of the presence of oxygen or
water.

We note that the equilibrium solubility of H20 in toluene is
low (0.0270 mol/L at 25°C)" but its effect, shown in Fig. 7, is
clear. Perovskites are dissolvable in polar solvents, including
water, so it is not unexpected that H2O could assist ion rear-
rangement within the lattice. Photoexcitation shifts charge
density from halide anions to Pb cations,” which is believed to
weaken hydrogen bonds between halide and alkylammonium
ions. Together with deprotonation of alkylammonium ions by
water molecules,™ light and H20 can act synergestically to
accelerate structural transformation in perovskite nanoplate-
lets.

Humid N:
(RH 80%)

30 40
Time (min)

Figure 7. Separating the effects of oxygen and moisture. (a-c) Evolution of photoluminescence spectra under UV irradiation (365
nm, 180 mW/cm?) for colloidal n = 2 MAPbBr nanoplatelets in toluene under dry air, dry N2 and humid N2. (White dotted lines
indicate the peak positions for nanoplatelets with corresponding thicknesses.)
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Table 1. Formulations for n = 2 MAPbBr nanoplatelets (NPLs) with varied amount of ligands.

MABr PbBr BABr OABr
Stoichiometric ratio (L2[MAPbBr3]PbBrs) 1 2 1 1
¢2.5x ligands’ 1 2 25 2.5
‘5x ligands’ (Standard procedure for n = 2 NPLs) 1 2 5 5
‘10x ligands’ 1 2 10 10
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Note: Numbers indicate the volumetric ratios of individual precursor solutions (0.2M) in the mixed precursor solutions. For example, to
prepare the precursor solution for n = 2 MAPbBr (L2[MAPbBr3]PbBr4) 5x ligands sample, 0.2M MABT, PbBrz, BABr and OABTr solutions
were mixed in the volumetric ratio of 1:2:5:5. Full names of chemical species can be found in ‘Abbreviation’ section.
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Figure 8. Excess ligands improve intrinsic photostability in solution. (a-c) Evolution of photoluminescence spectra under UV irradiation
(365 nm, 180 mW/cm?) for colloidal n = 2 MAPbBr nanoplatelets in toluene with varied amounts of excess ligands under N2. (White dotted

lines indicate the peak positions for n = 2 MAPbBr nanoplatelets.)
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Figure 9. Excess ligands suppress transformation in thin films. Evolution of photoluminescence spectra under UV irradiation (365 nm, 120
mW/cm?) in air for (a) n = 2 FAPbBr 5x ligands film (b) n = 2 MAPbBr 5x ligands film (c) n = 2 MAPbBr 10x ligands film (White dotted
lines indicate the peak positions for nanoplatelets with corresponding thicknesses.)

Enhancing the Stability by Adding Excess Ligand

The effect of adding excess alkylammonium ligands was
investigated as a strategy for improving nanoplatelet photosta-
bility.®® Three n = 2 MAPDbBr nanoplatelet solutions were
prepared with different relative amounts of alkylammonium
bromide ligands in mixed precursor solutions (Table 1). As
shown in Figure 8, the extent of photobleaching was reduced
as greater ligand excess was added to the mixed precursor
solution (Figure 8a-Figure 8c). Furthermore, colloidal n = 2
MAPbBr nanoplatelets synthesized with 10x ligands showed
remarkable photostability, preserving 95% of PL intensity
even after 40 minutes of intense UV irradiation under N2. This
effect is attributed to two factors: 1) more saturated surface
coverage in the presence of excess alkylammonium ligands,
given the dynamic nature of ligand binding in perovskite
nanocrystals,” and 2) increased structural robustness of perov-
skite layers in the presence of excess bromide ions,*® ° which
prevents the formation of harmful bromide defect vacancies.”
Interestingly, no significant enhancement in PLQY was
observed with ligand excess (Figure S11), unlike several

Figure 10. Stability of n =2 MAPbBr 10x ligands film under
ambient conditions. (Inset: Image showing deep-blue lumines-
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— after 16 days —
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400

450 500 550 600

Wavelength (nm)
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previous reports® % where stability enhancement was
accompanied by PLQY increase.

Ligand excess was also found to improve the stability of
dropcast nanoplatelet films. Obtaining pure n = 2 deep-blue
emission from dropcast n = 2 MAPbBr nanoplatelets synthe-
sized by the reprecipitation method is challenging in general.
To prepare dropcast nanoplatelet films, the colloidal nano-
platelet dispersion is centrifuged, redispersed, dropcasted and
dried — processes that can induce transformation and degrada-
tion. Furthermore, efficient energy transfer within nanoplatelet
films along with higher PLQY of thicker nanoplatelets can
amplify the contribution of minority red-shifted structures to
the overall photoluminescence spectrum. As shown in Figure
9a and Figure 9b, dropcast films of n = 2 FAPbBr (5x ligands)
and n = 2 MAPDbBr (5x ligands) showed not only n = 2 emis-
sion at 437 nm, but also emission from n = 3 and thicker struc-
tures in the initial PL spectrum. Upon further UV irradiation,
redshifted emission from bulk-like structures at L > 500 nm
dominated the PL spectrum and eventual photobleaching was
observed. However, XRD showed no noticeable change after
irradiation, suggesting that thicker structures exist in small
amounts and n = 2 nanoplatelets are still the majority species
(Figure S12), while downhill energy funneling and higher
emission efficiency of thicker nanoplatelets potentially making
red-shifted emission pronounced. On the other hand, n = 2
MAPbDBr 10x ligand films showed pure n = 2 deep-blue lumi-
nescence when dropcast and the PL spectrum did not red-shift
over time under UV in air, though photobleaching did occur
(Fig. 9c). Moreover, the dropcast n = 2 MAPbBr 10x ligand
film also showed superior stability under ambient conditions
as shown in Figure 10. Despite small fluctuations between the
measurements, deep-blue luminescence from the film essen-
tially maintained its PL intensity for more than two weeks
when the film was stored under ambient conditions. Enhanced
robustness of the nanoplatelets and a stronger barrier to mois-
ture diffusion through the surface ligand layer are believed to
be the key factors for this dramatic stability enhancement.

Finally, we note that there have been several published
reports on varying degrees of nanoplatelet stability,3435 38 50.53
As we discussed, nanoplatelet stability depends not only on
intrinsic material properties (cation species, structural
robustness, surface ligands coverage, etc.) but also on external
factors such as irradiation power density (Figure S13),
presence of air and relative humidity. In some cases, lack of
detailed reporting of this information makes direct comparison
of results from different laboratories difficult. Greater
collective effort in reporting such details will accelerate the
development of the field.

Conclusions

In this work, we characterized the photostability of colloidal
n = 2 methylammonium and formamidinium lead bromide
nanoplatelets in toluene solution and in thin film. We identi-
fied signatures of nanoplatelet degradation, PLQY loss, and
transformation into different-thickness structures. Further-
more, we showed that the usage of freshly prepared precursor
solutions, substitution of organic cations, complete isolation
from moisture, and the addition of excess alkylammonium
bromide ligands can be effective strategies to enhance the
photostability of n = 2 lead bromide perovskite nanoplatelets.
By applying those tactics, we could prepare a deep-blue lumi-
nescent perovskite nanoplatelet film which was stable under
ambient conditions and did not transform under air and UV

Chemistry of Materials

exposure. In future studies, the chemical pathways of nano-
platelet degradation and mechanisms of structural transfor-
mation will need to be addressed, along with detailed investi-
gation on how precursor solution aging affects nanoplatelet
properties. While we have identified some strategies for im-
proving nanoplatelet stability, further improvement is needed
before these materials will become viable in commercial tech-
nologies.
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MA, methylammonium; FA, formamidinium; Pb, lead; Br, bro-
mide; 1, iodide; BA, butylammonium; OA, octylammonium; PL,
photoluminescence; PLQY, photoluminescence quantum yield;
FTIR, Fourier transform infrared spectroscopy; NMR, *H nuclear
magnetic resonance; TEM, transmission electron microscopy;
SEM, scanning electron microscopy; XRD, X-ray diffraction;
XPS, X-ray photoelectron spectroscopy; DLS, dynamic light scat-
tering.
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