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ABSTRACT: The equilibrium phase of cesium lead iodide (CsPbI3) at room temperature is
yellow and optically inactive due to its indirect band gap. The metastable black phase of
CsPbI3 on the other hand exhibits optical properties that are suitable for photovoltaic and
light-emitting devices. Here, we examine the stability of the black phase of ligand-stabilized
CsPbI3 nanocrystals heated in humid air. Water vapor is known to catalyze the transition of
CsPbI3 from the black phase to the yellow phase. Uniform nanocrystals with cube shape were
synthesized with capping ligand mixtures of oleylamine and oleic acid or diisooctylphosphinic
acid, assembled into superlattices with preferred crystal orientation, and studied using grazing
incidence small- and wide-angle X-ray scattering with in situ heating. The black-phase nano-
crystals are found to inhabit the γ-orthorhombic phase and do not revert to the equilibrium yellow δ-orthorhombic phase until
reaching a relatively high temperature, between 170 and 200 °C, coinciding with superlattice degradation.

■ INTRODUCTION

The discovery that organic−inorganic hybrid materials like
CH3NH3PbI3 and CH3NH3PbI2Cl can make efficient solution-
processed solar cells has led to intense interest in lead halide
perovskites.1−3 They have now been used to make solar cells
with record device efficiencies that rival single crystal silicon.4

They are also excellent light emitters.5 However, the organic
moiety (i.e., CH3NH3) provides poor thermal and chemical
stabilities, and more robust, all-inorganic lead halides with
solution processability and good device performance have been
sought.6−8

Of the possible all-inorganic lead halide perovskites, CsPbI3
has the lowest band gap and makes a good choice for solar cell
applications.6 Its band gap of 1.7 eV is a little high to compete
with hybrids in terms of single junction photovoltaic (PV)
device efficiency but is well matched with silicon device layers
for tandem cells.9−11 However, the equilibrium phase of CsPbI3
at room temperature is not a perovskiteit is an “optically
inactive” δ-orthorhombic phase, which is yellow in color with
an indirect band gap that makes it a weak light absorber and
poor light emitter.12−16 A black, optically active phase with a
perovskite structure can be made by heating yellow CsPbI3
above a transition temperature of about 330 °C to the α-cubic
phase and then rapidly quenching it to room temperature.13,16

This metastable black material is quite stable in the absence
of water vapor even though it is out of equilibrium. Chemical

additives, strain engineering, and surface passivation have also
been used to help stabilize the black phase. In fact, CsPbI3
has been used to make light-emitting diodes, lasers, and
PV devices.17−28 Black CsPbI3 films with tetragonal phase
(β-CsPbI3) were also recently used to fabricate solar cells with
power conversion efficiencies of 18.4%.8 However, humidity
catalyzes the rapid transformation of black CsPbI3 to the
equilibrium yellow phase.8,16

Colloidal synthesis can yield ligand-stabilized CsPbI3 nano-
crystals directly in the black perovskite phase without the need
for any postsynthesis heating or thermal quenching.18,19 These
nanocrystals are bright light emitters and can be deposited on
substrates and processed into photovoltaic devices with device
efficiencies as high as 13.4%.20 Black CsPbI3 nanocrystals are
very stable even in the presence of humidity because of the
protective, hydrophobic capping ligand layer, but when ligands
are removed, the nanocrystals become very susceptible to
degradation to the yellow phase just like bulk films and
crystals.29

Here, we use grazing incidence small- and wide-angle X-ray
scattering (GISAXS and GIWAXS) to investigate the crystal
structure and thermal stability of ligand-stabilized black-phase
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CsPbI3 nanocrystals. The nanocrystals are made of uniform
size and a cube shape and could be assembled into super-
lattices with orientational order. GIWAXS measurements of
these crystallographically oriented nanocrystal films provided
two-dimensional (2D) spot patterns that could be used to
differentiate between the γ-orthorhombic and α-cubic crystal
structures. The γ-phase of CsPbI3 has a perovskite crystal
structure composed of linked lead iodide octahedra similar to
the α-cubic phase with an orthorhombic distortion. The yellow
nonperovskite δ-orthorhombic phase is composed of linear
chains of lead and iodide.16 The nanocrystals retain the black
phase when heated in humid air, until reaching 150−200 °C.
The phase transition was also monitored optically using in situ
photoluminescence (PL) spectroscopy. The black phase of
ligand-stabilized CsPbI3 nanocrystals is much more stable than
in thin films or bulk crystals. There is no appreciable difference
in thermal stability observed for CsPbI3 nanocrystals syn-
thesized with oleylamine (OAm) and oleic acid (OA) or
diisooctylphosphinic acid (DIOP).

■ EXPERIMENTAL DETAILS
Materials. Lead iodide (PbI2, 99.999% trace-metal basis), cesium

carbonate (Cs2CO3, 99.9% trace-metal basis), octadecene (ODE, 90%),
oleylamine (OAm, 70%), oleic acid (OA, 90%), bis(6-methylheptyl)-
phosphinic acid (diisooctylphosphinic acid, DIOP, C16H35O2P, 90%),
anhydrous n-hexane (95%), anhydrous methyl acetate (99.5%), and
anhydrous chloroform (≥99%) were obtained from Sigma-Aldrich.
All chemicals were used without further purification.
Nanocrystal Synthesis. CsPbI3 nanocrystals were synthesized

with OAm and OA as described by Protesescu et al.19 or OAm
and DIOP as described by Wang et al.30 Stock solutions of 0.06 M
Cs-oleate and Cs-diisooctylphosphinate were made by combining
2.5 mmol of Cs2CO3 (0.814 g, 2.5 mmol), 40 mL of ODE, and
2.5 mL (7.8 mmol) of OA or 2.5 mL (7.9 mmol) of DIOP in a three-
neck 100 mL flask on a Schlenk line. The solutions were degassed
under vacuum (∼150 mTorr) at 120 °C for 1 h and heated at 150 °C
under N2 until the solutions became clear. The stock solutions were
stored in a glovebox prior to use.
The nanocrystal synthesis was carried out in a 100 mL three-neck

flask on a Schlenk line. First, 0.88 mmol (406 mg) of PbI2 and 20 mL
of ODE were degassed under vacuum (∼150 mTorr) at 120 °C
for 1 h. After blanketing with N2, 2 mL each of OAm and OA
(or OAm and DIOP) was added. The reaction mixture was again
placed under vacuum (∼150 mTorr), degassed for 30 min at 120 °C,
blanketed with N2, and heated to the desired reaction temperature of
160 °C. Cs-oleate or Cs-diisooctylphosphinate was then added to this
reaction mixture by hot injection with a syringe of 3.2 mL of 0.06 M
Cs-oleate or Cs-DIOP stock solution heated to 100 °C. The reaction
mixture was then cooled after only 5 s to room temperature by
immersion in an ice bath.
In a glovebox, 30 mL of methyl acetate was added to the crude

reaction mixture. The nanocrystals were precipitated by centrifugation
at 8000 rpm (8228g) for 5 min. The supernatant was discarded. The
nanocrystals were redispersed in 10 mL of anhydrous n-hexane and
centrifuged again at 8500 rpm (9289g) for 5 min to remove all poorly
capped nanocrystals. The supernatant was decanted into a vial and
stored in a glovebox. The vial was wrapped with aluminum foil and
stored in a refrigerator to maintain inert, cold, and dark conditions.
Nanocrystal Superlattice Assembly. Nanocrystals were depos-

ited on Si substrates or transmission electron microscopy (TEM)
grids in a glovebox. Si substrates were cut pieces of a 650 μm thick
p-type Si wafer (University Wafer), and TEM grids were 200-mesh
nickel grids with a continuous carbon coating (Electron Microscopy
Sciences). The substrate or TEM grid was placed at the bottom of a
4.5 mL vial. Either hexane or chloroform was used as the dispersing
solvent for the assembly. In both cases, 40 μL of CsPbI3 nanocrystal
dispersion (6.7 mg mL−1 in hexane) was placed on the substrate. For

Figure 1. (A, B) TEM and (C) SEM images of CsPbI3 nanocrystals
synthesized with OAm and OA. The nanocrystals have a cube shape
with an average side length of 8.6 ± 1.5 nm. The lattice spacing of
3.1 Å shown in (B) corresponds to the γ{220} or γ{004} planes,
depending on whether the nanocrystal is oriented on a γ{002} or
γ{110} facet. (D, E) TEM and (F) SEM images of CsPbI3
nanocrystals synthesized with OAm and DIOP. The nanocrystals
are cube-shaped with an average side length of 17.5 ± 2.8 nm. The
lattice spacing of 6.2 Å shown in (E) corresponds to either the γ{002}
or γ{110} planes, depending on whether the nanocrystal is oriented
on a γ{110} or γ{002} facet.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b03533
Chem. Mater. 2019, 31, 9750−9758

9751

http://dx.doi.org/10.1021/acs.chemmater.9b03533


the use of hexane as the dispersing solvent during the assembly, an
additional 240 μL of anhydrous hexane was added. For deposition
from chloroform, the initial 40 μL of solvent was evaporated, and then
the nanocrystals were redispersed with 240 μL of anhydrous chloro-
form and then dried. The solvent was allowed to evaporate for at least
24 h prior to characterization.
Material Characterization. Nanocrystals were imaged by trans-

mission electron microscopy (TEM) using an FEI Tecnai G2 Spirit
BioTwin TEM or a JEOL 2010F TEM operated at 80 or 200 kV
accelerating voltage, respectively. Scanning electron microscopy
(SEM) imaging of nanocrystal films on Si substrates was carried
out with a Zeiss Supra 40 VP SEM with a 4 kV accelerating voltage
using the in-lens detector. The samples were electrically grounded using
copper tape. Powder X-ray diffraction (XRD) data were obtained from
nanocrystals on glass slides on a Rigaku R-axis Spider diffractometer
with Cu Kα radiation (λ = 1.541 Å) operated at 40 kV and 40 mA.
Data were collected for 10 min with sample rotation at 5° s−1,
background-subtracted, and analyzed using 2DP and JADE software.
Photoluminescence (PL) emission spectra were acquired from spin-
coated films of CsPbI3 nanocrystals on glass slides using a Fluorolog-3
spectrophotometer (Horiba Jobin Yvon) equipped with an in situ
heating and temperature control.
Grazing Incidence Small- and Wide-Angle X-ray Scattering

(GISAXS and GIWAXS). GISAXS and GIWAXS measurements were
performed simultaneously on the D1 beam line at the Cornell High
Energy Synchrotron Source (CHESS). Nanocrystal films deposited
on Si substrates were heated on a temperature-controlled stage in
humid air (40−42% RH) from 23 to 300 °C at a rate of 20 °C min−1

from 23 to 100 °C and then 10 °C min−1 from 100 to 300 °C. The
incident beam angle was 0.25° with a wavelength of 0.929 Å. GISAXS
data were collected using a Pilatus 200k detector (487 × 407 pixels
with a pixel size of 172 μm × 172 μm) with a sample-to-detector
distance of 1.31 m. GIWAXS data were collected using a Pilatus 100k
detector (487 × 195 pixels with a pixel size of 172 μm × 172 μm)
with a sample-to-detector distance of 105.75 mm. Image processing

and peak indexing considering the Ewald sphere distortion of the
GIWAXS data were done using FIT2D (version: 12_077_i686_WXP)
and indexGIXS-2M software.31,32

■ RESULTS AND DISCUSSION
CsPbI3 Nanocrystal Synthesis, Crystal Phase, and

Superlattice Assembly. CsPbI3 nanocrystals were synthe-
sized by hot injection ionic metathesis reactions in octadecene
(ODE) using oleylamine (OAm) as a capping ligand with oleic
acid (OA) or diisooctylphosphinic acid (DIOP) as complexing
agents for Cs+ 19,30

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
°

2Cs(RCOO) 3PbI 2CsPbI Pb(RCOO)2 OA,OAm,ODE

160 C,5s
3 2

(1)

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
°

2Cs(R PO ) 3PbI 2CsPbI Pb(R PO )2 2 2 OA,OAm,ODE

160 C,5s
3 2 2 2

(2)

In eqs 1 and 2, RCOO is oleate and R2PO2 is diisooctylphos-
phinate. Nanocrystals were made for the study using OAm with
OA or DIOP to determine if there is any noticeable difference
in stability using a different capping ligand combination. OA is
widely used for the synthesis of perovskite nanocrystals.19

In one study, Jasieniak and colleagues replaced OA with the
dialkyl phosphinic acid, bis-(2,2,4-trimethylpentyl)phosphinic
acid, to improve dispersion stability.30 We examined the
relative thermal stability of CsPbI3 nanocrystals made using
OA or the phosphinic acid, DIOP. The nanocrystals were puri-
fied by precipitation with methyl acetate as the antisolvent.18

The antisolvent cannot desorb the capping ligand layer or the
nanocrystals will rapidly turn yellow.

Figure 2. (A) Powder XRD and (B, C) GIWAXS of superlattices of CsPbI3 nanocrystals made with OAm and OA. (D) Powder XRD and (E, F)
GIWAXS of superlattices of CsPbI3 nanocrystals made with OAm and DIOP. The shaded regions in (A) and (D) highlight the weak diffraction
peaks characteristic of the γ-orthorhombic phase. (B) and (C), or (E) and (F), show the same GIWAXS patterns indexed to two different crystal
orientations of γ-CsPbI3. The associated beam directions (BD) needed to account for all of the diffraction spots are provided next to each image.
These BD all run parallel to the crystal plane oriented parallel to the substrate. The arrows indicate spots that cannot be indexed for the stated
crystal orientation. Indexation details for the GIWAXS data are provided in Tables S1 and S2 in the Supporting Information.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b03533
Chem. Mater. 2019, 31, 9750−9758

9752

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03533/suppl_file/cm9b03533_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b03533


Figure 1 shows the TEM and SEM images of the nano-
crystals used in the study. They have a cube shape and are
slightly elongated with an average aspect ratio of 1.2. The
nanocrystals made with OA are smaller than those made with
DIOP, with average side lengths of 8.6 ± 1.5 and 17.5 ± 2.8 nm,
respectively. The nanocrystals are sufficiently uniform to be
assembled into superlattices with a simple cubic structure. The
superlattices were used to study the atmospheric stability of the
black perovskite phase of the CsPbI3 nanocrystals with heating.
Figure 2 shows the room-temperature XRD and GIWAXS

data of CsPbI3 synthesized with OAm and OA or DIOP. The
powder XRD patterns in Figure 2A,D exhibit prominent peaks
overlapping with both α-cubic and γ-orthorhombic perovskite
phases, but with additional weak diffraction features character-
istic of γ-CsPbI3. This is consistent with the fact that the nano-
crystals are black with bright red fluorescence. GIWAXS
patterns in Figure 2B,C,E,F are indexed to γ-orthorhombic
CsPbI3 with space group Pbnm (no. 60) and lattice parameters
a = 8.646 Å, b = 8.818 Å, and c = 12.520 Å.15 Indexation trials
with α-cubic phase cannot account for all of the spots in
the patterns (see the Supporting Information Figure S1), i.e.,
there are a few additional spots that can only be indexed to

γ-orthorhombic phase. The orientational order in the super-
lattice and the GIWAXS measurement technique provides
additional scattering information that reveals the nanocrystals
to be γ-CsPbI3. The specific CsPbI3 crystal orientations on the
substrate are reflected as distinct spots or texture in the diffrac-
tion patterns (as opposed to rings). This is similar to orienta-
tionally ordered superlattices of cube-shaped nanocrystals of
CH3NH3PbI3 and Cs2AgBiBr6 studied recently by GIWAXS.33,34

Indexation of the pattern indicates that the nanocrystal facets
are γ{110} and γ{002} surfaces (equivalent to cubic α{100}
crystal planes with a slight distortion). Note that the patterns
can be indexed to the cubic phase, except for the γ(212),
γ(013)/211, γ(122), and γ(233) spots, which are unique to the
γ-orthorhombic phase due to its lower symmetry.
The lattice spacing of 3.1 Å shown in the TEM image in

Figure 1B corresponds to γ{220} or γ{004} planes depending
on whether the nanocrystal is oriented on a γ{002} or γ{110}
facet. The lattice spacing of 6.2 Å shown in Figure 1E corre-
sponds to the γ{002} or γ{110} planes depending on whether
the nanocrystal is oriented on a γ{110} or γ{002} facet. Most
probably, the nanocrystals are oriented randomly on γ{110}
and γ{002} facets, and the GIWAXS data are composed of two

Figure 3. (A−F) GIWAXS data for superlattices of CsPbI3 nanocrystals made with OAm and OA with in situ heating. The patterns are indexed to
the γ-orthorhombic phase with the γ(110) planes oriented parallel to the substrate. BD indicates the beam direction corresponding to the peak
indexing. (G) Radial integration of the GIWAXS patterns in (A−F). (H) Radial integration of the GIWAXS pattern in (F).
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overlapping spot patterns for nanocrystals with these two dif-
ferent orientations on the substrate.33,34

Thermal Stability of Black CsPbI3 Nanocrystals in Humid
Air. Superlattices of γ-CsPbI3 nanocrystals were heated
under atmospheric conditions with a relative humidity of
40−42% while gathering in situ GIWAXS and GISAXS data
(Figures 3−6). Figure 3A shows the room-temperature
GIWAXS data for CsPbI3 nanocrystals synthesized using
OAm and OA with indexing provided only for nanocrystals
oriented with γ(110) facets on the substrate for clarity. The
room-temperature GISAXS data in Figure 4A shows that the

superlattice is a simple cubic structure with a (001) superlattice
orientation on the substrate. This orientation is dictated by the
cube shape of the nanocrystals and the interactions between
the flat crystal facets between neighboring particles and the
substrate. The lattice constant of the superlattice is aSL = 12 nm,
indicating that there is an interparticle edge-to-edge separation
of 3.4 nm. CsPbBr3 nanocrystal superlattices were recently
reported with aSL = 12.5 nm with an interparticle edge-to-edge
separation of 2.3 nm.35

The γ-phase of the nanocrystals is stable up to at least
150 °C. At 150 °C, the GIWAXS pattern still indexes to the
γ-phase (Figure 3D) but the spot pattern has degraded to
rings, indicating that the nanocrystals lose their orientational
order on the substrate, which still retains the γ-phase. This is
consistent with the GISAXS data, as the range of order in the
superlattice indicated by the GISAXS pattern in Figure 4D is
significantly lower than in Figure 4A at room temperature.
Figure 3E shows that the nanocrystals have converted to the
yellow δ-orthorhombic phase (space group Pnma, lattice
parameters a = 10.458 Å, b = 4.802 Å, and c = 17.776 Å,
PDF #01-076-8587) when the temperature has reached
200 °C. Radial integration of the GIWAXS patterns at 200
and 300 °C in Figure 3G,H matches the expected diffrac-
tion pattern of the δ-phase (see the Supporting information,

Figures S2 and S3 for the indexation of 2D GIWAXS pattern at
200 and 300 °C). After the γ-to-δ phase transition, there is no
specific crystal orientation remaining in the film. GISAXS of
the assembly, shown in Figure 4, reveals that much of the out-
of-plane superlattice order is indeed lost by 150 °C and that
the superlattice structure completely disintegrates by 200 °C.
The complete loss of superlattice order in the GISAXS data at
200 °C corresponds with the formation of the δ-orthorhombic
phase. It is not clear if the loss of superlattice integrity leads to
the phase change or the phase change leads to the loss of the
superlattice, but we believe that the degradation is related to
the loss of surface capping ligands. Thermogravimetric analysis
(TGA) shows that most of the capping ligands have desorbed
from the nanocrystals after reaching 350 °C (Supporting Infor-
mation Figure S5). SEM images of the nanocrystals after
heating to 190 °C in humid air also show that the nanocrystals
have aggregated into larger particles and recrystallized into
nanowires (Supporting Information Figure S6). These SEM
data are consistent with the degradation of superlattice by
200 °C observed in GISAXS. Many other kinds of superlattices
of ligand-capped nanocrystals degrade near 200 °C due to the
loss of bonding of the ligand to the inorganic nanocrystal core.
For example, alkanethiol-capped gold nanocrystal superlattices
degrade at 190−200 °C when the thiol−gold bond becomes
unstable.36 And superlattices of PbSe nanocrystals capped with
trioctylphosphine also degrade in this temperature range.37

When cooled back to room temperature, the CsPbI3 sample
retains its yellow nonperovskite phase.
Figures 5 and 6 show the GIWAXS and GISAXS data for the

heated superlattices of CsPbI3 nanocrystals made with OAm
and DIOP. These nanocrystals are about twice as large as those
made with OAm and OA. The room-temperature GISAXS
pattern (Figure 6A) indexes to a simple cubic superlattice
structure with a (001) superlattice orientation on the substrate
and a lattice constant of aSL = 21 nm, corresponding to an
interparticle edge-to-edge separation of 3.5 nm. Indexing of the
GIWAXS patterns in Figure 5 is only shown for the γ{002}
orientation for clarity. This leads to a missing spot that can
only be indexed to the γ{110} orientation, which is provided in
red, i.e., γ(212). The γ-orthorhombic diffraction pattern in
the GIWAXS data is retained upon heating up to 200 °C.
Although a spot pattern remains, there is a noticeable loss
of orientational order once the temperature reaches 150 °C.
In the GISAXS data (Figure 6D), the superlattice order is
completely gone by 150 °C. Similar to the CsPbI3 nanocrystals
made with OAm and OA, these nanocrystals appear to lose
orientational and superlattice orders during heating at around
150 °C below the phase change temperature from γ-CsPbI3 to
δ-CsPbI3 at about 200 °C. Radial integration of GIWAXS
patterns in Figure 5G,H shows the coexistence of γ-CsPbI3 and
δ-CsPbI3 phases at 300 °C (2D indexation in the Supporting
information, Figure S4).

Optical Properties of Heated γ-CsPbI3 Nanocrystals.
Figure 7 shows the PL emission spectra for a film of γ-CsPbI3
nanocrystals made with OAm and OA that were acquired in situ
while heating through the γ-to-δ phase transition. At 25 °C, the
film exhibits an emission peak centered at 679 nm (1.83 eV).
The room-temperature PL peak for the γ-CsPbI3 nanocrystals
made with DIOP occurs at a slightly longer wavelength of
698 nm (1.78 eV), consistent with their larger size and reduced
quantum confinement-related shifting of the optical gap. The
PL peak intensity gradually decreases as the temperature goes
up. The drop in PL intensity is also observed visually, as in

Figure 4. GISAXS of superlattices of CsPbI3 nanocrystals made
with OAm and OA with in situ heating at (A) 25 °C, (B) 50 °C,
(C) 100 °C, (D) 150 °C, (E) 200 °C, and (F) 300 °C. Diffraction
spots are indexed to a simple cubic (SC) superlattice with lattice
parameter aSL = 12 nm with a (001)SL orientation on the substrate.
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Figure 8, for example, in the photographs of a film of nano-
crystals made with OAm and OA being heated under atmo-
spheric conditions. Photographs of the same film before and
after heating under room light and UV light are provided as the
Supporting Information in Figure S7. The film begins to
turn yellow at ∼200 °C and has become completely yellow by
250 °C. The film’s reddish appearance at room temperature
results from its bright red fluorescence. As the temperature
increases, the film becomes increasingly black because the PL
is decreasing. The red hue has disappeared by about 100 °C.
This is also observed from films of nanocrystals made with
OAm and DIOP. PL spectra and images of the films of
γ-CsPbI3 nanocrystals made with OAm and DIOP heated on a
glass substrate are provided as the Supporting Information in
Figures S8 and S9.
The PL emission peak also shifts to a longer wavelength as

the temperature increases. Schaller’s group38 recently reported
the PL spectra of CsPbI3 nanocrystals embedded in a polymer
film heated from 25 to 230 °C and found that the peak wave-
length did not noticeably change during heating. This would
indicate that in our case there may be enhanced electronic

coupling between neighboring nanocrystals that occur in the
superlattice upon heating that could be responsible for the
observed red shift in PL.35

Upon heating, there is also some weak light emission observed
from δ-CsPbI3. This is the asymmetric PL peak at 440 nm that
becomes visible once the temperature reaches 170 °C. This peak
eventually dominates the PL spectra when the temperature
reaches 230 °C. The weak light emission from δ-CsPbI3 remains
after cooling the sample back to 25 °C. Similar PL signatures
have been observed for yellow δ-CsPbI3 nanowires.

39

We also heated films of CsPbI3 nanocrystals under nitrogen
to determine how important humidity and air are to deter-
mining the temperature of the γ-to-δ phase transition of the
nanocrystals. Photographs of the heated films are provided as
the Supporting Information in Figures S10 and S11. CsPbI3
nanocrystals made with OAm and OA begin to turn yellow at
∼225 °C, which is about 25 °C higher than when heated in
humid air. The film becomes completely yellow when the
temperature reaches 300 °C. CsPbI3 nanocrystals made with
OAm and DIOP begin to turn yellow at ∼205 °C, which is the
same temperature as when heated in humid air. Similar to the

Figure 5. (A−F) GIWAXS data for superlattices of CsPbI3 nanocrystals made with OAm and DIOP with in situ heating. The patterns are indexed
to the γ-orthorhombic phase with the γ(002) planes oriented parallel to the substrate. BD indicates the beam direction corresponding to the peak
indexing. (G) Radial integration of the GIWAXS pattern in (A−F). (H) Radial integration of the GIWAXS pattern in (F).
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OAm/OA nanocrystal films, the OAm/DIOP film has turned
completely yellow by 300 °C. It appears that humidity plays a
relatively minor role in catalyzing the γ-to-δ phase transition of
heated ligand-stabilized nanocrystals. The retention of the
γ-phase of CsPbI3 nanocrystals is largely determined by the
thermal stability of the ligand bonding to the nanocrystal surface,
similar to many other types of nanocrystals. For example,
alkanethiol-capped gold nanocrystals sinter when the temperature

reaches only ∼190 °C because of the degradation of the Au−S
bond. In the case of the gold nanocrystals, chemical species
like halides can also catalyze the destabilization of the ligand
layer on the nanocrystal surface at slightly lower temper-
atures.36 Future detailed kinetic studies of the thermally
induced γ-to-δ phase transition in CsPbI3 nanocrystals will
reveal more information about how different ligands and
chemical species in the environment affect the stability of the
black phase.

■ CONCLUSIONS
Uniform cube-shaped nanocrystals of CsPbI3 exhibiting the
black phase were synthesized, assembled into superlattices, and
studied using GISAXS, GIWAXS, and PL spectroscopy with in
situ heating. The cube-shaped nanocrystals assemble into simple
cubic superlattices with nanocrystals depositing on the substrate
on their faceted surfaces, leading to a strongly preferred crystal
orientation on the substrate. This enables GIWAXS to be used
to differentiate between the α-cubic and γ-orthorhombic crys-
tal structures, and we find that the nanocrystals inhabit the
γ-orthorhombic phase. Heating experiments showed that the
black perovskite phase is very stable in ligand-capped CsPbI3
nanocrystals. When heated under atmospheric conditions with
relatively high humidity (40%), the γ-to-δ phase transition did
not occur until reaching temperatures near 200 °C. Bulk films
and crystals of black CsPbI3 change nearly instantaneously
to the yellow δ-orthorhombic phase when exposed to moisture
at room temperature.40 The significant stability of the non-
equilibrium perovskite phase of CsPbI3 comes primarily from the
protective ligand shell that prevents water vapor from reaching
the CsPbI3 surface and catalyzing the phase transformation.
There is probably also a stabilizing effect from the nanometer size
of the crystals, as others have also suggested.15 The difference

Figure 7. (A−D) In situ PL emission spectra (λexc = 375 nm) of a film of γ-CsPbI3 nanocrystals synthesized with OAm and OA heated on a glass
slide in humid air (RH = 42%). The spectra in (A−C) are measured using the same slit size with similar data acquisition times, and the intensity is
plotted to scale. In (D), the spectrum of 25 °C before heating is measured under slit size 2, and 25 °C after heating is under slit size 5. The emission
of δ-orthorhombic phase39 at ∼440 nm is visible starting from 170 °C, becomes dominant at 230 °C, and remains after cooling down to 25 °C.

Figure 6. GISAXS of superlattices of CsPbI3 nanocrystals made with
OAm and DIOP with in situ heating at (A) 25 °C, (B) 50 °C,
(C) 100 °C, (D) 150 °C, (E) 200 °C, and (F) 300 °C. Diffraction
spots are indexed to a simple cubic (SC) superlattice with lattice
parameter aSL = 21 nm with a (001)SL orientation on the substrate.
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in stability between nanocrystals synthesized with OAm and
OA or DIOP is not very noticeable, although there do appear
to be subtle differences in the kinetics of the transition that
depend on the ligand shell chemistry. This topic requires
further study with more detailed measurements of the rates of
the phase transition at different temperatures.
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