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Methods 

S1 - Fabrication of lead carbonate nanoparticle films 

The lead carbonate nanoparticle (PbCO3 NP) films were fabricated starting from PbCO3 
powder, dispersing the powder in methanol and sonicating the dispersion for one week, 
resulting in the formation of a PbCO3 NP suspension. The solution was then dried, providing 
a stock of PbCO3 NP powder. Right before film fabrication, 26 mg of PbCO3 NP powder was 
dispersed in 5 mL methanol and sonicated for 5 minutes. 190 microliters of PbCO3 NP 
solution was then dropcasted on a 15x15 mm substrate on a hotplate at 58 degrees, and left 
of the hotplate for 10 minutes. After the evaporation of the solvent, a film of PbCO3 NP is 
left on the substrate (See Figure S1). The size of the resulting PbCO3 NPs is estimated to be 
~100 nm, measuring the size of a subset of 40 individually resolvable NPs in the SEM image 
(average size = 130 nm, standard deviation = 60 nm). We note that the sedimentation of 
larger PbCO3 particles in the suspension can lead to sample-to-sample variability upon 
dropcasting. This effect leads to the occasional presence of micrometer-sized PbCO3 
particles amidst the PbCO3 nanoparticles, as observed in Figure S13. 

 

 

Figure S1, SEM image of the surface of a PbCO3 NP film. 

 

S2 - Ion-exchange treatment of PbCO3 NP films 



The ion-exchange solutions were prepared dissolving the selected organo-halide salts (MAI, BAI, 
PEAI, MABr, BABr) into anhydrous isopropanol in a nitrogen-filled glovebox. For the n=1 2D 
exchanges (BAI-only, BABr-only, PEAI-only) a molarity of 0.3 M was used, while for the 2D/3D 
exchanges (MAI+BAI, MAI+PEAI, MABr+BABr) a molarity of 0.1 M was used for the spacer cation, and 
a molarity of 0.16 M for the A-site cation. Once the salts were dissolved in isopropanol, 190 
microliters of ion-exchange solution were dropcasted on a PbCO3 NP film at room temperature. The 
volume of the dropcasted solution ensured that the film would not dry up during the reaction time, 
allowing the concentration of reactants in solution to remain roughly constant during the reaction. 
After the reaction times (either 2 or 4 minutes), the reaction was quenched by removing the ion-
exchange solution. For the washed samples the film was washed with fresh anhydrous isopropanol 
right after the removal of the ion-exchange solution, to eliminate residual reactants, and 
subsequently dried with a nitrogen gun. The unwashed samples were dried right after the removal of 
the ion-exchange solution. 

 

S3 - Fabrication of lead carbonate coral-like structures 

Growth of BaCO3 nanocomposites on a substrate 

A substrate (e.g. 2x2 cm slide of aluminum, glass or silicon) was vertically positioned in a 100 mL 
beaker containing BaCl2 dihydrate (74 mg, 0.3 mmol) or SrCl2 hexahydrate (84 mg, 0.3 mmol) and 
Na2SiO3 (16 mg, 0.13 mmol) dissolved in 15 mL of water. The  reaction vessel was loosely covered 
with a Petri dish to allow CO2 from the air to slowly diffuse into the reaction mixture. The pH was 
measured using a VWR Scientific 8005 pH meter and adjusted by adding HCl or NaOH to a pH of 11.8 
for the growth of coral-like structures. Typical growth times ranged between 1.5-2.0 hours after 
which the substrate was removed from the solution and washed with deionized water and the 
structures were converted into lead carbonate instantly after this (see following section). 

Conversion of BaCO3 to PbCO3 

Water was degassed by bubbling nitrogen through it for 1 hour. Inside an airtight jar with 
a magnetic stirring bar, 15 g of Pb(NO3)2 was dissolved in 50 ml of the degassed water. 
The reaction jar was kept under an inert atmosphere by applying a continuous flow of 
nitrogen via two tubes that were inserted through the cap of the airtight jar. After the 
Pb(NO3)2 was completely dissolved (ca. 15 minutes), sample slides containing previously 
prepared BaCO3 microstructures were inserted in the solution for 20-60 
seconds. Afterwards the sample slides were washed with deionized water and acetone 
and carefully dried on the air. The resulting microstructures were characterized with 
SEM, EDS and XRD. 
 
S4 - Vapour-phase conversion of lead carbonate coral-like structures into 2D perovskite 
 

PbCO3 microstructures were placed in a single zone horizontal tube furnace. Subsequently an 
alumina boat containing the salts of the ion-exchange treatment (methylammonium bromide and 
butylammonium bromide for the sample shown in Figure 5a-c, phenethylammonium iodide for the 
sample shown in Figure 5d-f) was placed upstream of the microstructures. The pressure inside the 
tube was lowered to below 0.1 mbar. The tube was then flushed with nitrogen until atmospheric 
pressure was reached. This process was repeated twice to purge the system of oxygen. Afterwards 
the temperature of the furnace was set to 120° C for the MABr+BABr treatment (180° C for the PEAI 



treatment) and a 30 sccm flow of nitrogen was applied to increase the pressure to 65 mbar. After 10 
hours the reaction was stopped by slowly cooling the the oven at 5°C/min to room temperature. 

 

S5 - High-performance Liquid Chromatography (HPLC) characterization of the ion-exchange kinetics 

Derivatization Procedure 

The derivatization reaction of a sample containing butylamine to the UV-detectable imine by reaction 
with benzaldehyde proceeds as follows. A 2 mL HPLC vial is filled with 900 μL isopropanol and then 
20 μL of the sample is added. Finally, 80 μL of benzaldehyde solution (90 mM in isopropanol) is 
added and the vial is vortexed thoroughly. After 60 minutes, the vial is submitted to the HPLC for 
analysis. 

Reference chromatograms for the derivatization of a stock solution of butylamine (10 mmol/g in 
isopropanol) are shown in figure S2. 

 

Figure S2, Chromatograms of the benzaldehyde (t0, no butylamine present) and the formed imine 
(after derivatizing butylamine with benzaldehyde for 30 minutes). 

HPLC Analyses 

HPLC analyses were performed on an Agilent Infinity 1260 HPLC with a Chiralpak IA (250 x 4.6 mm, 5 
μm) column. Eluent was heptane:IPA (70:30) with a flowrate of 0.7 mL/min. Detection at 220 nm (UV 
detector). Analyses were run for 12 minutes. Retention times were as follows: 4.8 min (the resulting 
imine), 5.8 min (benzaldehyde). 

Control experiments 

Firstly, it was verified that no side-reaction between the benzaldehyde and butylammonium iodide 
salt takes place. As shown in figure S3, the introduction of benzaldehyde (21 μL, 150 mM in 



isopropanol) to a solution of butylammonium iodide (979 μL, 9 mM in isopropanol), does not show 
any conversion of the aldehyde to the imine, as expected. 

Secondly, It was also verified that full conversion of the amine to the imine takes place within 60 
minutes under the prescribed derivatization conditions (fig. S4). 

 

 

Figure S3, Chromatograms indicating the absence of any noticeable reaction between benzaldehyde 
and the butylammonium iodide salt as a function of reaction time (a) and after 60 min for proper 
comparison (b). Barely noticeable peaks between 4 and 5 minutes must be attributed to co-
ordination complexes and are not of any significant effect. 
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Figure S4, Time-dependence of the derivatization reaction as determined via HPLC. Conversion of the 
amine to the imine is already virtually complete after 30 minutes. 

Calibration experiment and butylamine concentration determination 

In order to calculate the concentration of butylamine in a sample, a calibration curve was 
constructed. To this end, stock solutions of butylamine in isopropanol were made with 
concentrations between 0 and 30 mM. The stock solutions were then analyzed as described under 
‘Derivatization Procedure’ and submitted to the HPLC. The resulting calibration curve is shown in 
figure S5. The imine peak area is taken as the response (external standard procedure). 

 

Figure S5, Calibration curve relating the concentration of butylamine in solution with the area of the 
imine peak. 
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The calibration is proper (R2 = 0.97) and abides by the relationship  

58706 min/mM x [butylamine in mM] = [imine peak area in min] 

S6 - Characterization techniques 

UV-VIS 

The absorbance of the films was measured with a UV/VIS spectrophotometer (Perkin Elmer, Lambda 
750) equipped with an integrating sphere, allowing measurements of the absorbance of the samples 
without contributions from scattering. The light sources are a tungsten lamp (visible) and a D2 lamp 
(UV). A PMT detector is used for all the measurements in the paper. 

Photoluminescence 

For the I-containing samples, the photoluminescence spectra were measured in a Hyperspectral PL 
setup (Photon etc. IMA VIS), using a 400 nm laser excitation source. The photoluminescence spectra 
for the Br-containing samples (where the n=1 2D perovskite emission overlaps with the 400nm 
excitation of the Hyperspectral PL setup) were obtained in a photoluminescence spectrometer 
(Edinburgh Instruments, FLS980), using a Xe arc lamp as an excitation source and selecting a 350nm 
excitation wavelength with a monochromator.  

The photoluminescence map shown in Figure 5d was obtained on a WITec microscope, using 400 nm 
laser excitation source focused on a spot on the sample. Photoluminescence collected by the 
objective is coupled into a glass fiber and sent to a spectrograph, allowing to record the spectral 
shape of the emission from the excited spot. The sample position is scanned via a piezo stage and a 
photoluminescence spectrum is recorded at each position.  

X-ray diffraction (XRD) 

The XRD measurements were performed using a Bruker D2 Phaser benchtop XRD setup, using Cu K-
alpha radiation at 1.541 Å, with a slit size of 1 mm and a knife distance from the sample of 0.5 mm. 

  

S7 - Effect of reaction time on material conversion in BAI-treated and BABr-
treated PbCO3 NP films 

 

Figure S6(a) shows the impact of the ion-exchange exposure time on the absorption spectrum of two 
similarly prepared PbCO3 NP films treated with BAI (0.3 M solution in isopropanol). The 
measurements shows that doubling the exposure time results in a doubling of the absorbance at the 
maximum of the first excitonic peak (from 0.30 to 0.61 OD at 509 nm). The result suggests that the 
conversion does not reach completion within 2 minutes of ion-exchange exposure, and that higher 
amount of material conversion can be achieved with longer exchange times. Figure S6(b) shows the 
XRD signal from the two film measured in panel a. Interestingly, the low angle peak at 6.4 degrees, 
associated with diffraction from stacks of 2D layers, is strongly enhanced upon 4 minute exposure, 
suggesting increased formation of ordered stacks of 2D layers after the formation of a sufficient 
amount of 2D perovskite material. Higher orders of the 6.4 degrees diffraction peak appear in the 4 
minute sample above the noise at 12.8 and 19.3 degrees, indicated in Figure S6(b) by the asterisks. 

 



 

Figure S6, (a) Absorbance spectra obtained from PbCO3 NP films exposed to a BAI ion-exchange 
solution for either 2 minutes (blue trace) or 4 minutes (orange trace), and washed after exposure. (b) 
XRD signal obtained from the two films measured in panel (a). The asterisks mark the position of the 
higher-order peaks associated with the main diffraction peak at 6.4 degrees. 
 

An increase in absorbance and XRD peak strength is observed for samples treated for 4 minutes with 
BABr (0.3 M solution in isopropanol), as shown in Figure S7(a) and S7(b). However, in both 
measurements the signal increase is less pronounced than in the BAI-treatment case, with an 
increase of a factor 1.5 in the absorption at the first exciton peak and an increase of a factor 1.4 in 
the intensity of the diffraction peak at 6.5 degrees. In the sample exposed to the BABr exchange 
solution for 4 minutes one can see the appearance of a small side peak at 5.8 degrees, at the same 
angle where the side-peak is observed in the BAI-treated sample, likely originating from residual 
BABr salt.  

 

Figure S7, (a) Absorbance spectra obtained from PbCO3 NP films exposed to a BAI ion-exchange 
solution for either 2 minutes (blue trace) or 4 minutes (orange trace), and washed after exposure. (b) 
XRD signal obtained from the two films measured in panel (a). 



 

S8 - XRD signal from the BAI precursor 

Figure S8 shows the comparison between an XRD measurement performed on a BAI-treated PbCO3 
NP film (2 minutes duration, washed) and a sample obtained dissolving BAI precursor in isopropanol 
and dropcasting the solution on quartz. The two traces are offset for clarity. The presence in both 
samples of a diffraction peak at 5.7 degrees indicates the presence of unreacted BAI salt in the ion-
exchange film. 

 

Figure S8, XRD signal measured on a BAI-exchanged PbCO3 NP film (orange trace, 2 minute 
treatment, washed) and from the BAI precursor (blue trace), showing the presence in both 
measurement of a peak at 5.7 degrees. The two traces are offset for clarity. 

 

S9 - Effect of reaction time on the distribution of layer thickness in MAI+BAI-
treated PbCO3 NP films 

Ion-exchange treatment with MAI+BAI solutions, resulting in the formation of 2D/3D perovskite 
mixtures, show a dependence of the distribution of 2D layer thickness on the exposure time. Figure 
S9 shows the normalized photoluminescence spectra of two similarly prepared PbCO3 NP films 



treated with MAI+BAI ion-exchange solution (0.16 M solution of MAI and 0.1 M of BAI in isopropanol) 
for 2 and 4 minutes. While the emission from both films is dominated by large n-values layers, only 
slightly redshifted from the emission of the 3D MAPbI3 perovskite1 (black vertical line), the film 
treated for 2 minutes shows the presence of a broad emission side-peak, spanning the wavelength 
range containing the bandgap positions of (BA)2(MA)n-1PbnI3n+1 with n between 3 and 5. Although a 
similar side-peak is observed as well in the sample treated for 4 minutes, the lower intensity of the 
side-peak indicated a reduced amount of lower n-values 2D perovskite layers. This result suggests the 
possibility to tune the distribution of the n-values in the 2D/3D perovskite mixture by varying the 
reaction time. 

 

Figure S9, Normalized photoluminescence spectra obtained from PbCO3 NP films exposed to a 
MAI+BAI ion-exchange solution for either 4 minutes (blue trace) or 2 minutes (green trace), and 
washed after exposure. Vertical lines show the expected band-edge position of (BA)2(MA)n-1PbnI3n+1 
2D perovskites with different n-values2. 

 

S10 - Effect of washing step on the distribution of layer thickness in MAI+BAI-
treated PbCO3 NP films 

Figure S10 shows the normalized photoluminescence spectra obtained on two similarly fabricated 
PbCO3 NP films, treated with the same MAI+BAI ion-exchange solution (0.16 M solution of MAI and 
0.1 M of BAI in isopropanol) and excited at 350 nm, where one of the two film was washed with 



isopropanol at the end of the exposure step (blue trace) and the second film was left unwashed 
(green trace), allowing excess reactants to remain on the surface of the sample.  

The photoluminescence spectrum of the unwashed sample is dominated by the emission of n=1 to 
n=5 (BA)2(MA)n-1PbnI3n+1 layers2, while the emission of the washed sample originates from thick (n>5) 
2D perovskite layers. The photoluminescence changes, together with the absorption changes shown 
in Figure 3a, highlight the presence of a solid-state reaction occurring when the excess precursors 
remain on the surface on the sample, shifting the distribution of layer thicknesses towards lower n-
values. 

 

Figure S10, Normalized photoluminescence spectra obtained from PbCO3 NP films exposed to a 
MAI+BAI ion-exchange solution, either washed after exposure (blue trace) or left unwashed (green 
trace). Vertical lines show the expected band-edge position of (BA)2(MA)n-1PbnI3n+1 2D perovskites 
with different n-values2. 

S11 - Characterisation of MABr+BABr-treated PbCO3 NP films 

Figure S11(a) shows in the normalized photoluminescence spectra from similarly prepared 
PbCO3 NP films, ion-exchanged with MABr+BABr (0.16 M MABr and 0.1 M BABr in 
isopropanol) for 2 and 4 minutes, and either washed after exposure (red and orange traces) 
or left unwashed (yellow and green traces). While the two washed films are dominated by 



the emission of high n-value 2D perovskite layers (small blueshift from the emission of the 
3D MAPbBr3 perovskite3), the unwashed samples present clear signs of emission from low n-
value 2D layers. In particular, three emission peaks can be distinguished at the low 
wavelength end of the emission spectrum, associated with n=1 (408 nm), n=2 (440 nm), and 
n=3 (463 nm) 2D perovskite layers.  

The two unwashed samples differ in the ratio between the high n-value emission and the 
low n-value emission peaks. The sample exposed for two minutes shows a higher amount of 
emission from the thin 2D layers, in line with the trend observed for the MAI+BAI treatment 
(see Figure S9). Figure S11b shows the photoluminescence spectra of Figure S11(a) focusing 
on the longer wavelength emission peak, highlighting the presence of a shift of the center of 
the emission from the washed sample treated for 2 minutes compared to the washed 
sample treated for 4 minutes, suggesting a decrease in the average n-value for the sample 
with the shorter treatment. The center of the emission is further blueshifted for the two 
unwashed samples. These results demonstrate that the n-value distribution in MABr+BABr 
samples is affected by both the washing step and the exposure time, in line with the results 
obtained for the MAI+BAI treatment. 

 

Figure S11, (a) Normalized photoluminescence spectra obtained from PbCO3 NP films exposed to a 
MABr+BABr ion-exchange solution, either washed after exposure (4 minutes exposure in red, 2 
minutes exposure in orange) or left unwashed (4 minutes exposure in yellow, 2 minutes exposure in 
green). (b) Normalized photoluminescence spectra from panel (a), plotting the spectral range 
between 500 and 550 nm, to highlight the presence of a blueshift of the lowest energy emission for 
the washed samples with reduced exposure time and a further blueshift for the unwashed samples. 

 

S12 - Characterisation of MAI+PEAI-treated PbCO3 NP films 

Figure S12(a) shows the absorption spectrum of a PbCO3 NP film exposed to the PEAI-treatment (0.16 
M MAI and 0.1 M PEAI in isopropanol, 1 minute exposure, left unwashed), compared to the 
absorption of an unexposed PbCO3 NP film (grey trace). The absorption spectrum shows the 



presence of excitonic peaks on top of the absorption of a MAPbBr3 component, whose central 
wavelength matches closely the expected position for n=1,…,4 c perovskites4. Figure S12(b) shows 
the second derivative of the absorption spectrum of the PEAI-treated film, emphasizing the match 
between the wavelength of the minima and the expected positions of the n=1,..,4 peaks. These 
results demonstrate the formation of (PEAI)2(MA)n-1PbnI3n+1 upon exposure of PbCO3 NP films to the 
PEAI ion exchange solution. 

 

Figure S12, (a) Absorption spectrum of a PbCO3 NP film exposed to a PEAI+MAI ion-exchange 
solution (blue trace), showing absorption peaks associated with the (PEAI)2(MA)n-1PbnI3n+1 2D 
perovskite. The absorption of an unexposed PbCO3 NP film is shown for comparison (grey trace). (b) 
Second derivative of the absorption shown in panel a, with vertical lines highlighting the expected 
position of the second derivative minima for n=1,…,4 (PEAI)2(MA)n-1PbnI3n+1 2D perovskite.  

 

S13 - Effect of the ion-exchange treatments on the morphology of PbCO3 
nanoparticle films 



 

Figure S13, SEM images of an untreated PbCO3 NP film (a,b), a PbCO3 NP film treated with the 
MAI+BAI exchange (c,d), and of a PbCO3 NP film treated with the BAI exchange (e,f). The surface of 
the films is characterized by the presence of large PbCO3 particles amidst the uniform distribution of 
PbCO3 nanoparticles. While the MAI+BAI-treated film presents a similar morphology to the untreated 
film, the BAI-treated film shows the presence of large elongated structures, signaling the occurrence 
of large-scale recrystallization of the formed 2D perovskite material. 

 

Figure S13 shows SEM images of PbCO3 NP films, in their pristine form (Figure S13(a) and S13(b)), 
treated with the MAI+BAI treatment (Figure S13(c) and S13(d)), or treated with the BAI treatment 
(Figure S13(e) and S13(f)). We note that the batch of samples is characterized by the presence of 
large PbCO3 particles (>1 µm) covering the surface of the uniform PbCO3 NP distribution (as noted in 
the Methods). 



 
While the pristine sample and the MAI+BAI-treated sample show a similar morphology, the BAI-
treated sample show the presence of large elongated structures absent in the pristine PbCO3 NP film, 
suggesting the occurrence of large-scale recrystallization of the formed (BA)2PbI4 material. This 
evidence shows that the formation of the 2D perovskite material upon treatment of the PbCO3 NP 
films can occur both in shape-preserving manner and via recrystallization. More work needs to be 
done in order to elucidate the conditions that determine the occurrence of either process. 

 

S14 - Photoluminescence from vapour-phase exchanged PbCO3 
microstructures 

Figure S14 shows a photoluminescence spectrum obtained from a PbCO3 microstructure ion-
exchanged with the vapour-phase version of the exchange treatment. The measurement is 
performed using a 405 nm laser excitation and using a 405 nm notch filter in the detection path to 
filter out direct laser light. While the signal is dominated by the emission of MAPbBr3 3D perovskite, 
it is possible to observe a short wavelength tail in the emission, associated with PL from 2D 
perovskite layers. Despite the fact that photoluminescence measurements under-represents the 2D 
component in the 2D/3D mixture (because of funneling of excited species to the lower energy 
components), the measurement shows evidence of the presence of a 2D perovskite component in 
the vapour-phase converted structures. 

 

Figure S14, Photoluminescence spectrum obtained from a PbCO3 microstructure converted into 
(BA)2(MA)n-1PbnBr3n+1 via a vapour-phase ion-exchange reaction. Emission in the 450 to 510 nm range 



is associated with the presence of (BA)2(MA)n-1PbnBr3n+1 2D perovskite components. The vertical 
orange line represent the expected center of the emission from 3D MAPbBr3 perovskite. 

S15 - Photoluminescence map from liquid-phase exchanged PbCO3 
microstructures 

 

Figure S15, (a) Photoluminescence spectrum of one of the ion-exchanged microstructures (solution 
exchange), showing an emission peak blueshifted from the bandgap of 3D MAPbBr3. (b) Optical 
microscope picture and (c) photoluminescence map from the same solution-exchanged PbCO3 
structures. The green colorscale in panel c shows the emission intensity in the 485-505 nm range, 
revealing localization of the emission on the microstructures. 

Figure S15 shows the results of a photoluminescence map measured on PbCO3 microstructures ion-
exchanged with a solution-phase MABr+BABr treatment, highlighting the presence of a PL maximum 
around 490 nm, blueshifted from the wavelength of 3D MAPbBr3 emission and associated to n>2 2D 
layers of the (BA)2(MA)n-1PbnBr3n+1 2D perovskite (Figure S15(a)). Figure S15(b) and Figure S15(c) show 
a microscopy image and a photoluminescence map obtained on the same exchanged coral-like 
structures. The colormap shows the intensity of the emission in the 485-505 nm range as a function 
of the position, indicating a localization of the emission of the Br-based 2D perovskites on the PbCO3 
structures. 
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