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Abstract 
Lead halide perovskites have emerged as promising candidates for a broad range of 
optoelectronic devices thanks to their unique physical properties. Methylammonium lead 
iodide (MAPI) perovskite has been the most commonly studied LHPs due to its very 
promising optoelectronic properties. One of the main explored pathways for obtaining MAPI 
perovskite is the synthesis by Ligand-Assisted Reprecipitation (LARP); however, this method 
is not totally understood from a phenomenological point of view. In this study, we took 
advantage of the development of a series of advanced in-situ techniques to bring new 
insight into the pathway of this process that leads to MAPI perovskite from a precursor 
solution. First, we monitored the nucleation and the growth processes of a solvated-
intermediate phase obtained by LARP by correlating local information obtained by a direct 
visualization of the reaction medium using liquid-phase Transmission Electron Microscopy 
(TEM), and more global information brought by synchrotron-based X-ray scattering 
measurements. This combined analysis, in real time and in representative conditions of the 
synthesis method, allowed us to decipher the structural evolution of the emerging phases, 
from amorphous and roughly spherical objects in the early stages of the process toward 
elongated ribbon-like morphology particles after a few seconds, through a crystallization 
process. Secondly, we followed in-situ the transition of the as-obtained solvated-
intermediate phase towards the final phase of MAPI perovskite during a thermal treatment 
at 80°C, using in this case a combination of gas-phase TEM, in image and diffraction modes, 
and temperature-resolved X-Ray diffraction We provided direct and unprecedented 
evidence of the fragmentation of the crystals, simultaneously to the occurrence of the 
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structural transformation between the intermediate and final phases. Our approach, that 
involved also challenging development of new correlative methods, demonstrates the high 
interest of such in-situ correlative study for a better understanding of the synthesis and 
properties of new emerging materials such as LHPs. 

Introduction 
Lead halide perovskites (LHPs) of general formula APbX3 (A: monovalent cation; X: 

halogen) is one of the most studied classes of perovskites due to their great versatility1 and 
broad range of application in optoelectronic devices such as photodetectors2, light-emitting 
diodes3, lasers4,5 and solar energy conversion6,7. About fifteen years ago, Kojima et al. 
reported the development of LHPs as visible-light sensitizers in solar cells with a power 
conversion efficiency (PCE) of 3.8%8. Meanwhile, the research on perovskite solar cells has 
shown remarkable progress, pushing the limits farther ahead and allowing to reach a recent 
certified PCE record of 25.6%9 in 2022, value which can be even superior to 33% with the 
design of tandem perovskite/silicon-based solar cell10. The classical methylammonium lead 
iodide perovskite, CH3NH3PbI3 (MAPI), is the most used compound considered systematically 
in these materials 11. There is a broad range of synthesis pathways to obtain MAPI 
nanocrystals (NCs) or more generally LHP NCs including hot injection12–14, 
mecanosynthesis15–18, vapor-assisted solution deposition19

, Ligand-Assisted Reprecipitation 
(LARP)20–22, and many others23–25. The first attempt to synthesize LPHs by LARP approach 
was reported by Papavassiliou et al.26 in 2012 with the synthesis of CsPbBr3 NCs. In 2014, 
Pérez-Prieto et al.20 used a similar approach to synthesize organic-inorganic LHP 
CH3NH3PbBr3 which has been subsequently adapted to many varieties of hybrid LHP NCs27–

30. Note that the LARP synthesis method is a simple and versatile technique, done at room 
temperature with the use of low-cost solvents such as toluene, N,N-dimethylformamide 
(DMF), dimethylsulfoxide (DMSO), acetonitrile, octadecene etc. The crystallization occurs by 
simple mixing of two solvents with different polarities (i.e., polar and apolar) in the presence 
of ligands31. DMF and DMSO are the two widely used polar solvents to dissolve the 
precursors prior to mixing with the apolar solvent32. However, it has been shown that these 
two coordinating solvents lead to the formation of solvated intermediates, which require 
annealing to obtain the optoelectronically interesting hybrid LHPs phase33–35. Nevertheless, 
the pathway of formation of hybrid LHP NCs via solvated intermediates promotes the quality 
of the crystallization36. In particular, focusing on the DMF intermediates in MAPI synthesis, 
Petrov et al.37

 reported that depending on the ratio of precursor in the mixing solution, 
different compositions of intermediate phase can be obtained and have a strong impact on 
the crystallinity of the final product. Using a different ratio of DMSO and DMF in the 
precursor solution, Ren et al.38

 showed that a good control on the stoichiometry of the 
intermediate phase dramatically influences the crystallization of perovskite films and 
enhances efficient perovskite solar cells. Munir et al.39 highlighted the importance of the 
precursor solvate phases and the impact of the halide composition on the latter to guide the 
final photovoltaic performance.  

Despite the amount of work carried out to optimize the optoelectronic properties of 
these promising materials, there is a clear lack of comprehension of the phenomena at the 
origin of LHPs crystallization, especially when the above-mentioned intermediate phases are 
involved in the formation process. It is generally admitted that new insight into the 
crystallization pathway of these materials, including a complete visualization at different 



3 
 

scales of the evolution of the process, is one of the current challenges in the perovskite 
community. In this context, the recent advances in the development of new in-situ 
transmission electron microscopy (TEM) approaches allow now visualizing phenomena at the 
nanoscale in their native environment, whether gaseous or liquid40 (GP-TEM or LP-TEM for 
respectively Gas Phase-TEM or Liquid Phase-TEM). The possibility to use these techniques as 
in-situ characterisation tools is now considered a major step forward for monitoring, with 
high spatial resolution, chemical and physical phenomena using TEM. A wide range of 
processes can be now directly visualized using in-situ TEM, to cite a few: biomineralization of 
calcium carbonate41, morphological evolution of catalysts during electrochemical 
reaction42,43, nucleation and growth of particles44–46 etc. Regarding the perovskite field and 
the thousands of works published on this topic each year, only a handful reported the use of 
this tool, and their focus is mainly on monitoring the degradation of the material exposed to 
different factors such as moisture, light, and electron beam radiation47–54. To the best of our 
knowledge, to date only two articles focused on the growth of LHPs NCs using in-situ TEM as 
main tool: Wang et al.55 studied the growth dynamic of MAPI films with the influence of urea 
in the precursor solution, whereas Qin et al.56 reported the first observations of nucleation 
and growth of MAPI NCs using electron-beam assisted solvent evaporation approach. 
Nevertheless, any consistent in-situ TEM study should report on the direct observation of 
nucleation and growth process, in the synthesis media, of LHP NCs or their intermediate 
phase obtained by LARP. The absence of such a study can be explained, at least in part, by 
the difficulty of reproducing the real experimental synthesis conditions, by minimizing the 
influence of the electron beam, in the LP-TEM cell57,58 combined with the beam-sensitive 
nature of hybrid perovskite which makes difficult even the classical TEM analysis59

. 

In this study, we present a first insight into the nucleation and growth of an intermediate 
phase derived from MAPI at the nanoscale by using a combined characterization approach 
that includes LP-TEM and synchrotron-based X-Rays scattering experiments. Our goal is to 
determine the process onset and kinetics, as well as to obtain direct information on the 
evolution of the system during the different steps of the process, as for instance the 
occurrence of possible intermediate phases. Once the presence of such intermediate phases 
is demonstrated, we investigate the phase transition towards MAPI perovskite during an 
annealing step by combining GP-TEM, temperature-resolved X-Ray diffraction (XRD) and 
thermogravimetric analysis (TGA). The combination of these very complementary techniques 
is decisive for providing a comprehensive description of this last step in the formation of 
MAPI perovskite. 
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Materials and Methods  

LARP synthesis approach 

The chemicals were purchased from Sigma-Aldrich and used as received. The LARP 
protocol was first developed based on the literature28–30,60 and then adapted to the 
observations and the various tests carried out. The whole synthesis is performed in ambient 
atmosphere. In a typical synthesis, 0.2mmol of PbI2 (Lead (II) iodide, ≥99% anhydrous) and 
0.16mmol of CH3NH3I (Methylammonium iodide, ≥99% anhydrous) were dissolved 
separately in DMF (N,N – Dimethylformamide anhydrous, 99.8%, SigmaAldrich) and then 
mixed with the addition of 0.5mL of oleic acid (Oleic acid, technical grade, 90%) and 40µL of 
octylamine (Octylamine, 99%). Then 20µL of the precursor mixture was dropped into 2mL of 
toluene (Toluene anhydrous, 99.8%, SigmaAldrich) and instant precipitation of a white 
colloid was observed (Figure S. 1). The solution was centrifugated at 8000rpm during 5min, 
the supernatant was discarded and the as-obtained precipitate is redispersed in toluene for 
further characterizations. The CH3NH3PbI3 black phase is obtained by annealing the white 
precipitate at 80°C for 4 hours in an oven in ambient atmosphere.  

In-situ TEM  

LP-TEM 

The direct monitoring of the nucleation and growth processes of the intermediate phase 
under electron beam is obtained using a flow liquid cell (Protochips Inc., Raleigh, NC, USA) 
with a 150nm liquid spacing bottom E-chip (EPB-55DNF-10, Protochips Inc., Raleigh, NC, 
USA; see Figure 2.A) closed with a top E-chip (EPT-55DW-10, Protochips Inc., Raleigh, NC, 
USA). The holder (Fusion Select, Protochips Inc., Raleigh, NC, USA) is directly introduced in a 
corrected JEOL 2100F/Cs TEM, placed into a vacuum column, and imaged at 200kV. The cell 
is first filled with toluene using one inlet with a 50μL/min flow rate, the injection is stopped 
when toluene starts to come out of the outlet. Then the precursor mixture in DMF is injected 
using a low flow rate (1μL/min) by the second inlet (see Figure S. 2). Data was collected using 
the Protochips AXON in-situ TEM software. 

GP-TEM  

The direct recording of the phase transition from the intermediate phase to the MAPI 
perovskite phase under electron beam is obtained using a flow-heating liquid cell 
(Protochips Inc., Raleigh, NC, USA) with a 500nm spacing. The use of heating liquid cell is 
more adapted to low temperatures compared to gas cells which present a significative 
temperature gradient below 100°C. To reproduce the laboratory conditions, ambient air is 
injected (10μL/min) using one of the two inlets of the sample holder. A small drop (1μL) of 
the intermediate phase solution in suspension in toluene is deposited and dried on the 
bottom E-chip (EPB-55GF-10, Protochips Inc., Raleigh, NC, USA). The system is closed using a 
large top E-chip (EHT-45ZZ-10, Protochips Inc., Raleigh, NC, USA) and then heated using 
Protochips AXON Poseidon software from 25°C to 80°C with a step of 1°C/min. Data were 
collected using the Protochips AXON in-situ TEM software. 
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Ex-situ TEM characterization  

Ex-situ classical high-resolution TEM (HR-TEM) and electron diffraction of the different 
phases were carried out in a LaB6 TEM operating at 200kV. The samples were deposited on a 
holey carbon-coated TEM grid. Chemical analysis using Energy-Dispersive X-Ray 
Spectroscopy (EDXS) was performed on samples ex-situ. In-situ chemical analysis is not 
relevant because of the abundance of Pb and I in solution. 

X-Ray Diffraction 

The XRD measurements were carried out on a D8 Discover diffractometer in Bragg 
Brentano geometry equipped with a Cu Sealed tube (λKα1 = 1.54059 Å), a quartz front 
monochromator, a motorized anti-scatter screen, and an energy-resolved Lynxeye XE-T 
linear detector. The XRD temperature-dependent measurements were carried out using the 
same diffractometer without the anti-scatter screen and equipped with an Anton Paar 
TTK600 Temperature chamber. Each measurement has been taken at a constant 
temperature and a heating rate of 10°/min was applied in between the measurement. A 
diffraction pattern is acquired every 10°C from 30°C to 100°C and every 25°C from 100°C to 
300°C. The measurements were carried out at atmospheric pressure in ambient atmosphere. 

A Rietveld refinement of the XRD experimental spectra was performed by using the 
Fullprof software61 with the Thompson-Cox-Hastings pseudo-Voigt convoluted with axial 
divergence asymmetry peak function and the March function for preferential orientation62. 
The experimental data were fitted with a limited number of parameters: lattice parameters, 
linear interpolation between 4 background points, a scale factor for each phase, the 
crystallite size parameters and a preferential orientation parameter. Structure used are the 
one reported in the ICDD PDF files for MAPI and PbI2 respectively PDF n°01-085-5508 and 
n°00-007-0235; the structure used for the PbI2-rich intermediate phase are the one reported 
by Petrov et al.37. The references structures were not refined. 

Time-resolved in-situ SAXS/WAXS  

The SAXS/WAXS experiments were performed on the SWING beamline of the 
synchrotron SOLEIL with a photon energy of 12keV and a sample-to-detector (Dectris EigerX 
4M) distance of 6.48m for SAXS and 0.783m for WAXS measurements, leading to the 
following q-ranges: 0.001 ≤ q (Å-1) ≤ 0.16 and 0.01 ≤ q (Å-1) ≤ 1.24 for the SAXS and WAXS 
configurations, respectively.  

LARP synthesis was reproduced using a “stop-flow” device (SFM-4000 apparatus from 
BioLogic) which allows the fast injection (dead time <5ms) of the mixture directly in the 
capillary. A description of the entire procedure followed for using the stop-flow system is 
given in the Supplementary Information. 
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Results and Discussion 

The intermediate phase and its structural characteristics  

In the first part, we synthesized the MAPI-derived intermediate phase using LARP 
method. This phase was subsequently thoroughly characterized ex-situ using TEM and XRD. 
We then studied the pathway of nucleation and growth to obtain the same product in-situ 
through a combination of LP-TEM, for providing a direct visualization of the synthesis 
medium at the nanoscale and synchrotron-based X-ray scattering, in order to acquire 
correlated real time bulk information. 

Ex-situ characterization of the intermediate phase 

The observation of a white precipitate as a final product following the LARP synthesis is 
initially reported. This precipitate was identified as the orthorhombic Pnnm PbI2-rich 
intermediate phase with the general formula 2MAI-3PbI2-2DMF (MA = CH3NH3

*), already 
reported in the literature35,37,63. The identification of the PbI2-rich intermediate phase was 
made by comparing the XRD pattern obtained (Figure 1.A) with the one reported by Petrov 
et al.37 The occurrence of the PbI2-rich phase is consistent with the molar ratio used during 
the LARP synthesis, with an excess precursor of PbI2 compared to MAI (see Materials and 
Methods). We observed low angle diffraction peaks (6.5°, 8° and 9.5°) typical of the PbI2-rich 
intermediate structure with longer interplanar distances of the intermediate phase due to 
intercalation of both DMF and MA+ molecules in between layered PbI6 octahedra (Figure 
1.B). 
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Figure 1: A) Diffraction pattern of the identified 2MAI-3PbI2-2DMF intermediate phase; B) 
Crystallographic structure of the PbI2-rich intermediate phase, obtained from Crystallographic 
Information File (CIF) provided by Petrov et al.37; C) TEM image of the crystal of 2MAI-3PbI2-2DMF 
phase. D) HR-TEM image of monocrystalline object with FFT (insert) of the region of interest (red 
dotted square). Identification of the (301) plan (red circles on the FFT); the red arrows indicate the d-
spacing of the (301) plan on the HR-TEM image. 

Conventional TEM was then carried out to characterize the morphology and the chemical 
composition of the final product. The synthesized crystals have an anisotropic elongated 
ribbon-like shape (Figure 1.C) as expected, given the crystal structure of the intermediate 
phase34. They exhibit significant width polydispersity (Figure S. 4) with an average width ± SD 
of 230 ± 115nm, highlighting the difficulty of obtaining a narrow size distribution using the 
LARP approach. The length of the crystals varies from a few μm to a few tens of μm. For a 
reliable structural assignment, we performed an in-depth analysis of the experimental XRD 
data using a Rietveld refinement (Figure S. 3.A). Firstly, this analysis confirmed the presence 
of the PbI2-rich phase from the structure provided by Petrov et al.37

  Secondly, it revealed a 
significant preferential orientation along the [0k0] direction, while the [00l] peaks were 
nearly absent. Despite the [0k0] preferential orientation makes no doubt, the [110] peak was 
slightly under-evaluated in this model. The March parameter was found to be 0.1962, clearly 
bellow 1. This is generally the characteristic of plate-like crystallites and not of needle-likes. 
However, this is compatible with a ribbon-like structure with the [0k0] direction aligned 
along the ribbon's length, explaining why those plans are unlike to diffract, and the [h00] 
direction oriented parallel to the ribbon's width. The treatment of the preferential 
orientation by the March function favour (or disadvantage) one direction and makes no 
difference between other directions (at the same azimuth from the first one). This works 
well for needle of plates but with ribbon’s like crystallites the probability of orientation is no 
more equivalent for all directions at a same azimuth from the preferential orientation 
direction.  This is why the under-evaluation of the [110] peak notably in the fitted data 
(Figure S. 3.A) support our ribbon-like shape hypothesis.  

The presence of the (301) type plane in the FFT of the high-resolution TEM image 
acquired on a small typical monocrystalline object (Figure 1.D), having an interatomic 
distance of (3.55 ± 0.22) Å, confirms our findings. This value is consistent with that obtained 
for the intermediate phase by Petrov et al.37, further validating the ribbon-like structure. 
Additionally, the observed contrast difference in the superposition of the crystals, 
characteristic of a thin sample, provides further evidence supporting the elongated ribbon-
like structure. However, to maintain consistency with the existing literature, we will continue 
to use the term "needle" in this paper, as in addition it is commonly associated to strongly 
anisotropic intermediate phase crystals34,36,37. Nevertheless, accordingly to our results, we 
admit that these crystals are more likely flattened needles, resembling to ribbons as 
regarding their structure and morphology. From the chemical point of view, elemental 
mapping (Figure S. 5) using energy-dispersive X-ray spectroscopy (EDXS) was carried out, 
confirming the homogeneous composition of Pb and I in the crystals. 

Real-time visualization of the nucleation of 2MAI-3PbI2-2DMF 

To explore the crystallization of 2MAI-3PbI2-2DMF phase by LP-TEM, we used the LP-TEM 
cell configuration schematized in Figure 2. A. The cell is composed of two silicon chips with 
overlapping electron transparent silicon nitride (SiNx) membranes. A syringe pump system 
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allows us to first fill the LP-TEM cell with toluene and then to inject the precursor mixture, in 
DMF, which will lead to the precipitation observable at the level of the SiNx membrane. The 
experimental protocol to reproduce the synthesis conditions with the LP-TEM sample holder 
is detailed in Supplementary Information (Figure S. 2). The electron beam irradiation may 
have an important influence on the chemical evolution of the system64–66, especially in a 
liquid media67–69

. To mitigate the electron beam effect, we performed our experiments at a 
very low dose rate (0.1e-/A2s). Wang et al.55 showed that an electron flux of 0.1e-/A2s does 
not lead to any side effect from the electron beam on the growth process of MAPI 
perovskite in an LP-TEM cell. Nevertheless, comparison with unexposed areas is mandatory 
to ensure the negligible contribution of the beam to our observations. 

 

 
Figure 2: A) Scheme of the liquid cell used for in-situ LP-TEM experiment; B-F) Sequences from the 
chronological evolution of the nucleation and growth processes of the 2MAI-3PbI2-2DMF phase by LP-
TEM. The red circles indicate the sites of nucleation at t0;G-J) Magnified images, respectively of 
images C to F, of the growth of a single particle. The area considered are delimited by red dotted 
squares in images C to F. ; the yellow sphere and grey needle schematized the morphology adopted 
by the system. Images are filtered using ImageJ software. 

Figure 2. B-F) displays some typical in-situ TEM images extracted from the direct 
monitoring of the nucleation and growth of the intermediate phase (see also Movie S.1). The 
process occurred in 5 seconds following a time scale of the crystallization process similar to 
that reported in the literature from other studies and characterization techniques70,71. To the 
best of our knowledge, this is the first direct visualization at the nanoscale of the nucleation 
and growth of a hybrid perovskite-derived crystal reported in the literature. Areas 
unexposed to the electron beam were also imaged (Figure S. 6.A-C; Movie S.2), 
demonstrating that the crystallization is not induced by the electron beam. Statistical 
analysis of the sizes (Figure S. 6.D) of these needle-like crystals allows the estimation of an 



9 
 

average width of 91 ± 29nm, whereas the length varies from a few hundred nm to about 
1μm. This difference in size observed between ex-situ and in-situ measurements is explained 
by the confinement intrinsic to the cell used for the LP-TEM experiment, which shortens the 
growth step shorter and reduces the final size of the objects compared to the bulk 
experiments.  

A closer look at a single particle (Figure 2. G-F) monitored during the process provides 
direct information on its morphologic evolution. The particle is roughly ellipsoidal during the 
first seconds of growth (Figure 2. G-I)) but adopts an anisotropic shape at the end of the 
crystallization (Figure 2. J)). We can estimate the evolution of the length and the width of the 
crystal during the growth process (summarized in Figure S. 7) showing considerable increase 
of the length compared to the width, as expected for the growth of an anisotropic object. 

Correlative analysis of the LP-TEM and in-situ SAXS/WAXS data 

In addition to the localized information obtained from LP-TEM, to obtain ensemble 
averaged and more representative information, in particular regarding the kinetics, we 
combined the LP-TEM results with in-situ SAXS and WAXS data. The protocol for reproducing 
the LARP synthesis using a stopped-flow device, the data acquisition, and a description of 
the data processing of the SAXS/WAXS raw data, are given in SI. 

By following the above-mentioned protocol, we first studied the crystallization of the 
system using WAXS. Figure S. 8 shows a typical WAXS pattern obtained during the first 
available moment after the introduction of the mixing solution (precursor mixture in DMF 
and toluene with a 1:5 ratio, as described in SI). The plot of the scattered intensity as a 
function of the modulus of the scattering vector q (I=f(q)) features three strong Bragg peaks 
at q = 0.46 Å-1

, 0.57 Å-1 and 0.67 Å-1. The latter is typical of the intermediate phase 2MAI-
3PbI2-2DMF72,73. It is worth noticing that these peaks were already identified as belonging to 
the stoichiometric intermediate MAI-PbI2-DMF structure74,75. Distinguishing the exact 
structure is challenging due to the small variation (up to 0.03 Å-1) of the peaks in the low q 
region (q < 0.8 Å-1) attributed to a different amount of DMF incorporated among the lamellar 
plane of edge-sharing PbI6 octahedron in the intermediate structure (Figure 1.B). 
Nevertheless, our experimental configuration setup (resolution in q range up to 0.01 Å-1) 
allows us to obtain a clear distinction between these two possible intermediate phases37,72 

and to conclude in our case as to the occurrence of the PbI2-rich 2MAI-3PbI2-2DMF phase72, 
in agreement with the previous identification by XRD (Figure 1.A). Besides, we noticed the 
lack of peak at q = 0.9 Å-1

 and 1 Å-1 characteristic respectively of PbI2 and tetragonal MAPI 
perovskite phase, indicating a good correlation with the lab bench synthesis mentioned 
above (Figure 1.A). Moreover, from Figure S. 8 we can deduce that the crystallization occurs 
after 750ms, as shown by the appearance of the peak at q = 0.47 Å-1. This is a clear indication 
that, during the nucleation and growth process observed in LP-TEM experiments (as 
schematized in Figure 2 and 3) the crystalline phase is already formed. However, we can also 
hypothesize the existence of an amorphous phase in the earlier stages of the process 
(t<750ms).  

In a second step of the analysis, we analysed the evolution of the scattering signal in a 
SAXS configuration after the introduction of the mixing solution.  
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Figure 3: SAXS images acquired at: A) first detectable image after the injection (considered as t0); B) 
t0+5850ms. The dotted red circle indicates the isotropic scattering signal; the red arrows indicate the 
anisotropic scattering signal. TEM images extracted at t+300ms and t +5000ms from LP-TEM 
experiments, inserted to illustrate the morphology adopted by the system at these specific times. A 
schematic view of the morphology adopted by the objects is added to the figure (yellow circles and 
grey needles) 

Figure 3 presents the SAXS images obtained at two characteristic times (t0 and 
t0+5850ms), similar to the times assigned to the beginning and to the end of the growth 
process deduced from the LP-TEM experiment. We noticed the appearance of an isotropic 
signal on the first image we could acquire after the precursor injection (dotted red circle in 
Figure 3.A), as well as the predominance of an anisotropic signal (red arrows in Figure 3.B) 
after about 6s. Both observations are coherent with the morphology observed at similar 
times in the LP-TEM, as illustrated by the TEM images shown in insert in Figure 3. The 
complete evolution of the signal is shown in Figure S. 9 and indicates the decrease of the 
previously mentioned isotropic signal concomitantly with the emergence of the anisotropic 
signal. These first observations lead us to perform a specific data processing, which consists 
of the separation of the two types of signals (i.e., anisotropic and isotropic) by applying 
different masks on the SAXS scattering patterns. First, the total signal is obtained by simply 
applying a mask on the beam stop and the dead zones of the detector (Figure S. 15. A). Then, 
the isotropic signal, which does not present angular dependence, is obtained by applying a 
mask on a specific area which does not contain the anisotropic signal (Figure S. 15. B). The 
anisotropic signal is obtained from the subtraction of the isotropic signal from the total 
signal. A complete description of the separation of the signal and the data processing is 
given in the Supplementary information. Figure 4 shows the isotropic and total scattered 
intensity as a function of the modulus of q, at different times. Superposition between the 
isotropic signal (dotted lines) and the total signal (solid lines) is observed during the first 
moments (from 0s to 600ms) after reactant mixing, consistent with the observations of the 
scattering SAXS patterns. A deviation between these two signals becomes clear at 2400ms 
and increases progressively with time (at 4500ms and 5850ms).  
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Figure 4: SAXS curves, at different times, of the scattered intensity as a function of the modulus of q 
vector, obtained after a data processing step of the images shown in Figure S. 9. Solid lines 
correspond to the total signal, dotted lines correspond to the isotropic signal (see SI for more details). 
The inserts (red dotted squares) schematize the morphology of the objects at different times.  

We have fitted the isotropic signal with a Schulz distribution of polydisperse spheres (see 
Supplementary information for more details on the fit procedure). A typical example of the 
fitting procedure on the first curve after the injection (i.e. t0) is shown in Figure S. 16.A 
(corresponding to the dotted pink line in Figure 4). The complete set of the fitted curves is 
shown in Figure S. 17. The experimental curves and the model are in very good agreement 
during the very first moments after the injection (t<2400ms), without any significant 
discrepancy between the experimental data and the model. Beyond 2400 ms, when the total 
signal starts to separate from the isotropic signal, the model is no longer in agreement with 
the experimental data, suggesting that the objects are no longer spherical and begin to 
adopt the anisotropic shape of the intermediate phase. We could also extract from the fit 
the mean diameter of the spheres at different times, as shown in Figure S 16.B. This 
geometrical parameter increases from 100nm to more than 250nm, value which 
corresponds to the very first ellipsoidal objects observed in the LPTEM experiment (Figure 2. 
G-I). We could also estimate from the fits the evolution of the volume fraction (Figure S. 
16.C), which decreases continuously. This tendency confirms the transformation of the 
spheres into the needle-like crystals characteristic of the intermediate phase. The 
polydispersity shows no significant variation (Figure S. 16.D).  
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 We hypothesize that during the first moment after mixing the two solvents, the reaction 
medium leads to the aggregation of the precursor monomers due to the strong change of 
polarity of the predominant solvent (apolar toluene) leading to the nucleation and growth of 
amorphous spheres. This assumption is supported by the WAXS data, which do not present a 
crystalline peak at the early stages of the process. For t<2400ms, these spheres increase 
progressively in size with time, as shown by the evolution of the mean diameter extracted 
from the fit of the isotropic curves (Figure S. 16.B). This mechanism can be consistent with 
the visualization of the ellipsoidal objects in the LP-TEM experiments. For t>2400ms, the size 
of the particles became too large in order to be visualized by our TEM set up, but the 
deviation between the isotropic signal and the total signal provides direct evidence of the 
fact that the system evolves toward anisotropic objects, as observed in Figure 2. J and Figure 
3.B.  

The subtraction of the isotropic signal from the total signal allowed us to estimate the 
anisotropic component (see SI), which is plotted in Figure S. 9. For t>2000ms, this anisotropic 
signal follows a q-4 law (black dotted line in Figure S. 10), compatible with the existence of 
large objects with typical dimensions out of the q range of the experimental setup. It can be 
assumed that these objects are the anisotropic needle-like crystals similar to those obtained 
by the classical LARP protocol and observed in the ex-situ analysis (Figure 1. C-D) as well as 
during the LP-TEM experiments (Figure 2 and Figure S. 6.A-C). The WAXS measurements 
(Figure S. 8) for t>750ms indicate that these objects crystallize into the PbI2-rich 2MAI-3PbI2-
2DMF phase, which also supports the previous argument. 

Direct insight into the transformation of the intermediate phase in 
CH3NH3PbI3  

To remove the solvated DMF (Figure 1. B) and subsequently obtain the optoelectronically 
interesting black phase76,77 of MAPI perovskite (CH3NH3PbI3), it is well known that an 
annealing step between 80 and 100°C allows to obtain the final phase78–82. First information 
was obtained by analysing ex-situ by TEM and XRD a dried precipitate of the intermediate 
2MAI-3PbI2-2DMF annealed in an oven in ambient atmosphere at 80°C for four hours.  
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Figure 5: A, D) Typical TEM image of the initial anisotropic crystals; insert on D: photo of the white 
precipitate of the intermediate phase. B) TEM images of the samples after 4h of annealing at 80°C. C) 
Electron diffraction pattern of the nanorod shown in image B – purples circles are characteristics of 
the MAPI phase (ICDD n°01-085-5508), whereas yellow circles indicate the presence of PbI2 hexagonal 
phase (ICDD n°00-007-0235). E) Diffraction pattern of the MAPI tetragonal phase (ICDD n°01-085-
5508) obtained after annealing; insert: photo of the black precipitate of MAPI phase obtained after 
annealing. 

The characteristics of the initial PbI2-rich intermediate phase, in particular its needle-like 
morphology and specific crystallinity, were confirmed by TEM and XRD analyses carried out 
before the annealing step (Figure 5. A, D and Figure 1. A). The morphological assignment 
made in the first part of the work, as regarding the ribbon-like morphology of the crystals, is 
supported by the thin aspect of the crystals observed in Figure 5. D. After annealing, a 
significant morphological change occurs, consisting in the fragmentation of the crystals into 
smaller crystals (Figure 5.B). A similar structural aspect has already been reported for MAPI 
nanowires in the literature83. The formation of tetragonal I4cm MAPI was demonstrated by 
XRD (Figure 5. E) which highlighted its high crystallinity84,85. In particular, the XRD pattern 
shows the presence of two characteristic hkl plans (110) and (220) respectively at 14.1° and 
28.4°, concomitantly with the appearance of a peak at 12.6° identified as the (001) plan of 
the PbI2 hexagonal phase. This indicates that the well-known thermal degradation33,86 of 
MAPI into PbI2 is already initiated during the annealing. The strong preferential orientation, 
along the [110] direction, for the deposited samples87 is confirmed by a Rietveld refinement 
of the diffractogram (Figure S. 3.B). This refinement enabled a precise indexation of both 
phases (i.e. MAPI and PbI2). Similar to what was observed in the refinement of the 
intermediate phase (Figure S. 3.A), the XRD spectra of the two phases are affected by a 
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preferential orientation respectively, for MAPI and PbI2, along [110] and [001]. Specifically, 
MAPI demonstrates a preferential orientation along [110], consistent with a plate-like 
morphology similar to the smaller crystals obtained after annealing (Figure 5. B). This 
substantial change in morphology will be discussed in detail later. The electron diffraction 
pattern (Figure 5.C) are also in good agreement with the XRD analysis. We identified both 
the tetragonal phase of MAPI and the PbI2 hexagonal phase thanks to the presence of the 
(211) and (321) plan for MAPI and (100) for PbI2. As shown in the photos inserted in Figure 5. 
D, E, we also observed an obvious colour change of the precipitate, from white to black, as 
expected for the final MAPI black phase.  

Real-time monitoring of the phase transition, in the real space, by GP-TEM 

We carried out GP-TEM experiments to obtain direct monitoring of the phase transition 
under electron beam. To mimic the conditions of the phase transition studied ex-situ (Figure 
5), ambient air from the room was injected into the TEM sample holder and the temperature 
was set at 80°C. Figure 6 displays a sequence of in-situ TEM images extracted from the direct 
recording (Figure 6. A-D) and their respective electron diffraction patterns (Figure 6. E-H) 
acquired during the annealing of the sample at 80°C. At 25°C, as expected, the well-defined 
anisotropic morphology of the PbI2-rich intermediate phase and its crystalline network36 can 
be, once again, clearly evidenced (Figure 6.A-E). The complete transformation into 
tetragonal MAPI perovskite is already achieved after 45min of annealing at 80°C, as shown 
by the indexation of the MAPI crystalline phase (Figure 6.F). As already assumed from the ex-
situ data, the needle fragments into smaller crystals by preserving the anisotropic 
framework. We also observed the presence of the (002) plan of PbI2, consistent with the 
transition observed ex-situ (Figure 5.C, E). During the time, the MAPI crystalline phase is 
globally preserved (Figure 6. G-H) but the crystals start to be damaged jointly to the 
appearance of small particles around the needle. These damages are probably due to the 
repeated exposure to electron beam during the electron diffraction acquisition. Figure S. 18 
shows another region of interest monitored during the annealing of the sample. Similar 
observations can be made, in particular the direct visualization of the structural transition 
from the intermediate phase (Figure S. 18. E) toward MAPI tetragonal phase and PbI2 (Figure 
S. 18.F-H), as well as the fragmentation of the well-defined needle (Figure S. 18.A) into 
smaller crystals (Figure S. 18.B-D) and the precipitation of small particles. A closer look to the 
images of precipitated particles (Figure S. 19. A-B), completed by the analysis of the 
associated electron diffraction patterns (Figure S. 19.C) allows us to assign the particles to 
the PbI2 phase, a general trend commonly observed during the exposure of perovskites to 
electron beam which induces their partial degradation. 87,88

. To confirm this assumption, we 
have also studied some unexposed area after the 4 hours of annealing in the E-TEM cell 
(Figure S. 20). We have observed similar morphological changes (Figure S. 20.A-C) and the 
presence of the same final phases (i.e. MAPI tetragonal phase and PbI2) as identified by 
electron diffraction (Figure S. 20.D). We have noticed the absence of precipitated PbI2 

particles, demonstrates thus that its presence is the result of the decomposition of the MAPI 
crystals under electron beam originating from a persistent electron exposure during the 
acquisition of multiple diffraction patterns. Thus, there are two types of PbI2: the 
nanoparticles as a by-product of decomposition under electron beam and the PbI2 due to the 
annealing and the phase transition as already highlighted by the XRD analysis (Figure 5.E). 
Nevertheless, the textural change, as well as the phase transition, are the consequences of 
annealing.  
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Figure 6 A-D) Sequence of in-situ TEM images of the crystals during annealing in the GP-TEM cell in 
ambient atmosphere (A: before annealing; B: 45min at 80°C; C: 2h30 at 80°C; D: 4h30 at 80°C). E-H) 
Electron diffraction patterns acquired on the areas shown in the TEM images, with the structural 
assignment (red circles: 2MAI-3PbI2-2DMF intermediate phase36; pink circles: MAPI perovskite 
tetragonal phase (ICDD n°01-085-5508); yellow circles: PbI2 phase (ICDD n°00-007-0235)).  

Structural evolution by temperature resolved XRD 

In order to support the GP-TEM study, the phase transition previously observed by 
studied ex-situ and in-situ TEM was also monitored by temperature resolved XRD, in order to 
more precisely determine the different structural modifications undergoing during the 
process. The applied temperature protocol is described in Figure S. 21. Figure 7 shows the 
evolution of the diffraction pattern during the annealing process. We noted the stability of 
the PbI2-rich intermediate phase until 70°C (XX domain in Figure 7), the temperature at 
which the characteristic peaks disappear abruptly. Concomitantly to the loss of the 
intermediate phase, we noted the rise in intensity of the (110) and (220) peaks from the 
MAPI tetragonal phase, similar to the ex-situ data, star ng at     50°C. This perovskite phase is 
predominant from 70°C to 170°C (XY domain in Figure 7) along with the emergence of the 
(001) peak of PbI2 as previously observed (Figure 5. E). The thermal degradation of MAPI into 
PbI2 continues until 300°C (YY domain in Figure 7) with a total and partial disappearance of 
the (110) and (220) peaks respectively, in the benefit of the increase in the intensity of the 
(001) characteristics PbI2 peak. These results are in very good agreement with the structural 
behaviour deduced from the GP-TEM experiment. At 80°C the transition from 2MAI-3PbI2-
2DMF phase to the MAPI phase is already complete, as observed during the GP-TEM 
experiment. The in-situ XRD experiment confirmed also the coexistence of the PbI2 
hexagonal phase with the MAPI phase once the structural transition is initiated, with 
corresponding hkl order in the XRD pattern ((001) in domain XY in Figure 7) and in the 
electron diffraction pattern  (002) in Figure 6.F-H). Finally, we were able to correlate these 
results with those obtained by TGA (Figure S. 22) in particular the very good agreement in 
the as-deduced characteristics temperatures. By TGA, a first weight loss from ambient 
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temperature to 95°C correspond to the loss of solvated DMF, a second transition is observed 
with the loss of MAI corresponding to the degradation of the MAPI tetragonal phase toward 
PbI2; at the end, the last weight loss, observed for T>250°C, is assigned to the decomposition 
of PbI2.  

 
Figure 7: Temperature resolved X-ray 2D diffraction pattern of the annealing of the intermediate 
phase sample from 30°C to 300°C. Dotted lines and notation allow the distinction between the 
different phase regimes obtained during the annealing and are solely a guide for the eye. XX: 
intermediate phase 2MAI-3PbI2-2DMF; XY: MAPI perovskite phase (ICDD n°01-085-5508); YY: PbI2 
hexagonal phase (ICDD n°00-007-0235). 

As illustrated by TEM, the structural transition from the 2MAI-3PbI2-2DMF intermediate 
phase to the tetragonal MAPI perovskite goes along with a dramatic change in the 
morphology of the crystals. Although atomic-resolution data during the in situ TEM 
monitoring is missing, we can use the benefit of a direct visualization of the morphological 
change of the crystals and the XRD Rietveld refinement findings (Figure S. 3. A-B), for 
understanding why the structural transition impacts the final morphology. The LARP 
approach can be described as a "chimie-douce" synthesis pathway, due to its soft conditions 
of work, in particular ambient temperature, atmospheric pressure and atmosphere medium. 
As described previously, these conditions may lead to the formation of a metastable phase, 
in particular the DMF-solvated 2MAI-3PbI2-2DMF intermediate phase. This phase undergoes 
a transition toward the thermodynamically stable phase, the tetragonal MAPI one, through 
annealing. The TGA analysis (Figure S.22), combined with the GP-TEM (Figure 6) monitoring 
and temperature-resolved XRD (Figure 7), indicates that the transition occurred 
simultaneously with the departure of the solvated DMF.  

The crystalline structure of the intermediate phase (Figure 1. B) exhibits a non-
continuous crystalline network, at the atomic level, and the Rietveld refinement (Figure S. 
3.A) illustrates a preferential orientation along the [0k0] direction. Thus, this phase can be 
associated to a molecular crystal, in which the mobility of atoms is very important, an 
argument also supported by the ionic nature of such crystals89. In such a crystal, the 
departure of the DMF may induce important atomic mobility and a subsequent 
restructuration of the crystalline lattice, leading thus to a possible change in morphology. By 
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annealing, all the DMF molecules are lost while the MAI is retained, at least partly, as already 
reported by Gu et al.35 As described before, our findings strongly suggest that the 
intermediate phase is made of ribbon-like crystallites or flattened needles. Starting from 
such a morphology, we can reasonably assume that, during the annealing, the ribbon-like 
crystals fracture into smaller crystals with a plate-like morphology. The fragmentation 
process seems to be in a good agreement with the sequential images obtained by GP-TEM. 
Furthermore, such a morphological change agrees also with the main result obtained by the 
refinement of the MAPI diffractogram (Figure S. 3.B) which shows a strong preferential 
orientation along the [110] direction. For both phases, plate-like preferential orientations 
are thus present, as demonstrated by the Rietveld refinement.  
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Conclusion 
A consistent correlative study of the formation of the tetragonal MAPI phase by using 

the LARP approach followed by an annealing step was performed by combining ex-situ and 
in-situ techniques. The as-obtained multiple information regarding the formation process 
and the time evolution of the involved phases is schematized in Figure 8. Firstly, by mixing 
precursor mixture in DMF with a large volume of toluene, we revealed the presence of a 
PbI2-rich intermediate phase, which was fully characterized by conventional TEM and XRD. 
The pathway of the nucleation and growth processes of this intermediate phase was 
explored in detail by a combination of LP-TEM and synchrotron-based SAXS/WAXS. The 
challenge for reproducing, in the liquid media, the processes in two different in-situ setups 
was achieved allowing to reach in both cases a sufficient time resolution in order to provide 
unprecedented structural information. The results obtained by the two techniques are in 
good agreement and highlight the appearance, at a very short time (of the order of few 
hundred ms), of amorphous roughly spherical objects which quickly crystallize into the 
2MAI-3PbI2-2DMF phase and grow to finally adopt the characteristic anisotropic needle-like 
shape of the DMF-solvate intermediate phase after few seconds. To the best of our 
knowledge, it is the first time that the formation of a hybrid halide perovskite-derived 
structure was observed in-situ by using a correlative approach combining real space and 
reciprocal space information.   

In the second part of the work, in order to obtain direct insight on the second step of the 
whole synthesis protocol leading to the optoelectronically interesting MAPI tetragonal 
phase, we focused on assessing the structural evolution of the intermediate phase during 
annealing at 80°C. The tetragonal MAPI perovskite was firstly characterized ex-situ, in the 
final state, and then the transition from the intermediate phase was monitored directly by 
combining GP-TEM with temperature-resolved XRD and ATG measurements. This transition 
is very probably, at the origin of the fragmentation process of the ribbon/needle-like crystals 
present in the intermediate phase into smaller plate-like crystals characteristics of the 
tetragonal MAPI phase, in agreement with the electron diffraction data. The as-observed 
morphological transformation is supported also by the results obtained from a Rietveld 
refinement of the XRD data, which clearly indicated a plate-like preferential orientation in 
both the intermediate phase and the tetragonal MAPI phase obtained after annealing. These 
conclusions were supported by the XRD and ATG data and, altogether, allowed us to infer 
that the structural transition occurred concomitantly with the disappearance of the 
intermediate phase, starting from 50°C, with the release of the DMF solvated molecules and 
appearance of PbI2 hexagonal phase. 

This methodology can be transposed to the in-situ study of the formation and evolution 
of other solvated phases which depend on the molar ratio between the precursor or the use 
of DMSO to replace DMF. Studying all these different phases and their influence on the 
activation conditions and kinetics of the nucleation and growth processes involved in the 
formation of the intermediate phase and of the final MAPI perovskite will provide 
comprehensive insight into the global mechanism. Thorough understanding of these 
phenomena is essential to gaining better control of the final properties of these very 
promising materials. We believe that this work will serve as a reference, by allowing to 
transpose our findings to other LHP materials and associated processes, due to its advantage 
of providing deep understanding of the crystallization pathway. 
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Figure 8: Schematic representation of the full process allowing to obtain the MAPI tetragonal 
perovskite from precursor solution following the LARP precipitation method and an additional 
annealing step.  
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