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Experimental details

Photoanode preparation: First, the fluorine-doped tin oxide (FTO) substrates (NSG 10,

Nippon sheet glass, Japan) were cleaned with a Hellmanex solution and afterwards rinsed

with de-ionized water and ethanol. Then, they were treated with a UV/O3 cleaner for 15 min.

After that, aerosol spray pyrolysis was used to deposit 30 nm thick compact TiO2 layers onto

the substrates at 450◦C using a commercial titanium diisopropoxide bis(acetylacetonate)

solution (75% in 2-propanol, Sigma-Aldrich) diluted in ethanol (Sigma-Aldrich) (1:9, volume

ratio) as precursor and oxygen as a carrier gas. Then, a commercial TiO2 paste (Dyesol

30NRD) was spin- coated onto the previously deposited compact TiO2 layers. Lastly, the

mesoporous TiO2 films were sintered in four steps: 325◦C for 5 min with 15 min ramp time,

375◦C for 5 min with 5 min ramp time, 450◦C for 15 min with 5 min ramp time, and 500◦C

for 15 min with 5 min ramp time.

Sequential deposition of APbX3: A 1.2M DMF solution of PbX2 (X = I, Br, Cl) was

prepared through constant stirring at 100 ◦C for 15min. The TiO2 films were then spin-

coated with the solution at 6500 rpm for 30 s and dried at 80 ◦C for 15min. After cooling to

room temperature, 200 µL of a 50mM isopropanol solution of AX (A = CH3NH3, CH(NH2)2)

was spin-coated onto the PbX2 film and dried.

Estimation of the X-ray absorption of the added solution

The absorption of the X-ray beam by the organic halide solution was estimated using the

mass attenuation coefficients muρ of the individual ions and the isopropanol solvent at an

energy 22 keV. The values were taken from the XCOM database1. The linear attenuation

coefficients µ were calculated according to

µ = ρµρ (1)
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using the mass densities ρ of the individual compounds. The density of the salts was

calculated using the molar masses of the ions with a concentration of 50mM. For the

density of isopropanol, a value of 780mgmL−1 was used. The linear attenuation coefficients

are summarized in Tab 1. The relative absorption I/I0 of the incoming X-ray beam was

calculated using the Beer-Lambert law

I

I0
= exp(−µL), (2)

with L being the path length of the X-ray beam inside the solution.

Table 1: Estimated linear absorption coefficient of the solvent and the used salts
on the basis of the used amounts mentioned above.

MAI MABr MACl FAI FABr isopropanol
µmm−1 3.29E-03 6.67E-03 1.08E-03 3.29E-03 6.67E-05 6.44E-03

Fig. S1 shows the relative absorption of the X-ray beam of the used compounds for differ-

ent path lengths L. The length of the sample along the beam direction was 20mm. Because

of the low angle of incidence of 0.14◦, we can assume that the beam travels approximately

parallel to the sample surface. Thus, we assume L / 20mm.
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Figure S1: Relative absorption I/I0 of the used compounds for different path lengths L up
to L = 20mm as given by Eq 2.

It is immediately evident that the contribution of the isopropanol solvent to the absorp-
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tion is negligible. Further, we note that that the main contribution of the salts comes from

the halide ions, since compounds with different organic cations but the same halides have

the same µ. At a maximum of L = 20mm, the relative absorption of chloride, iodide and

bromide are 98%, 94% and 87%, respectively. As a result, we assume that even for strongest

absorption, the effect might introduce a small systematic error on the measured intensity,

but is not significant enough to detract from any qualitative results.

Azimuthally integrated profiles and fits

In Figs. S2, S4, S6, S9 and S10 we present the azimuthally integrated intensity of the 2D

GIXD detector images of every sample before the application of the solution, at the start of

the exchange and at the end of the exchange, respectively. We attribute the broadening of

the line width to either an inhomogeneous distribution of ions in the film or locally induced

strain in the lattice. The broad feature around q = 1.4Å−1 stems from the scattering of

the solution. The two indicated features at q < 1Å−1 stem from the kapton window of the

measurement chamber and the black area on the detector without pixels, respectively.

Furthermore, in Figs. S3, S5, S7 and S8 we demonstrate the Gaussian fits that were used

to determine the peak shifts shown in Fig. 2 of the main publication.
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Figure S2: Azimuthally integrated intensity profiles of FAPbBr3 before the application of
the solution (MABr), just after the application and at the end of the exchange. The indexing
of the peaks was done according to the cubic perovskite phase.

1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09

q / Å-1

0

50

100

150

200

In
te

ns
ity

 (
a.

u.
) 

FAPbBr
3
 to MAPbBr

3

t = 0 s
t = 22 min

Figure S3: Gaussian fits of the azimuthally integrated intensity of the (100) perovskite peak
at the start and end of the conversion of FAPbBr3 to MAPbBr3. The peak center is indicated
with a dashed line. We observe a broadening of the peak and a shift towards a higher q.
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Figure S4: Azimuthally integrated intensity profiles of MAPbBr3 before the application of
the solution (FABr), just after the application and at the end of the exchange. The indexing
of the peaks was done according to the cubic perovskite phase.
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Figure S5: Gaussian fits of the azimuthally integrated intensity of the (100) perovskite peak
at the start and end of the conversion of MAPbBr3 to FAPbBr3. The peak center is indicated
with a dashed line. We observe an approximately constant peak position and a slight peak
broadening.
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Figure S6: Azimuthally integrated intensity profiles of MAPbI3 before the application of the
solution (FAI), just after the application and at the end of the exchange. The indexing of
the peaks of the bottom profile was done according to the tetragonal MAPbI3 phase. The
indexing of the top profile corresponds to the cubic phase, which is found at the end of the
exchange.
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Figure S7: Gaussian fits of the azimuthally integrated intensity of the (110) perovskite peak
at the start and end of the conversion of MAPbI3 to FAPbI3. The peak center is indicated
with a dashed line. We observe a slight broadening of the peak and a shift towards a lower
q.
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Figure S8: Peak shift and transition from the tetragonal to the cubic perovskite phase during
the conversion of MAPbI3 to FAPbI3. The blue indexing of the peaks was done according
to the declining tetragonal MAPbI3 phase while the red indexing was done according to the
increasing cubic FAPbI3 phase. While the perovskite peaks shift to a lower q, the position of
the titanium oxide substrate stays constant (as indicated by the dashed lines). Furthermore,
the decline of the tetragonal (211) peak during the reaction indicates a transition from a
tetragonal to a cubic perovskite phase.
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Figure S9: Azimuthally integrated intensity profiles of MAPbI3 before the application of
the solution (MACl), just after the application and at the end of the exchange. The blue
indexing of the peaks was done according to the declining tetragonal MAPbI3 phase while
the red indexing was done according to the increasing cubic MAPbCl3 phase.
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Figure S10: Azimuthally integrated intensity profiles of MAPbCl3 before the application of
the solution (MAI), just after the application and at the end of the exchange. The blue
indexing of the peaks was done according to the declining cubic MAPbCl3 phase while the
red indexing was done according to the increasing tetragonal MAPbI3 phase.
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Real-time reciprocal space map animations

Animations of the reciprocal space maps of all five conversions during the first 2min (out of

22) are provided as separate .avi files.
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