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Modelling Thermal Halide Exchange of Perovskite Powders
With and Without BMIMBF, From an Interdiffusion

Perspective

Tobias Siegert, Prerna Pahwa, Markus Griesbach, Frank-Julian Kahle, Harald Oberhofer,

Anna Kohler,* and Helen Griininger*

Halide migration limits the stability of hybrid halide perovskites for
optoelectronic applications, yet can be decelerated at room temperature by
adding ionic liquids. An approach is presented to quantitatively evaluate the
diffusion of I~ and Br~ to form MAPbI, Br, , from neat perovskite powders.
First, in situ X-ray diffraction (XRD) data are used to extract the
time-dependent MAPbI, Br; , composition of an initially physical mixture of
neat MAPbI; and MAPbBr; grains. Next, an effective interdiffusion model is
expanded to obtain time-dependent diffusion coefficients. They reduce with
time due to the decreasing concentration gradient during the halide exchange
process. In samples without any additive, Br~ is found to diffuse up to three
times faster into the MAPbI; grains than I~ into the MAPbBr; grains, while
the addition of the ionic liquid 1-Butyl-3-methylimidazolium tetrafluoroborate
(BMIMBEF,) accelerates and nearly equalizes the interdiffusion. Analyzing the
temperature dependence of the diffusion coefficient suggests that, without
ionic liquid, the diffusivities are limited by the halide vacancy formation. In
contrast, in the presence of the ionic liquid, halide vacancy formation is
facilitated, yet is controlled by the thermal activation of the BMIM™* mobility.

is usually Cs*, methylammonium (MA™),
or formamidinium (FA*), the divalent B-
site cation consists of Pb** or Sn?*, and
the X-site anion is I7, Br-, or Cl~.[%
As the bandgap can easily be tuned via
stoichiometric variations in A, B, or X
sites, perovskites are a promising can-
didate for multi-junction solar cells.3-!

The bandgap of halide perovskites can
be tuned continuously by varying the halide
composition. For example, substituting I~
with Br~ in MA-based perovskites allows
changing the band gap from 1.3 upto 2.2 eV
for Sn-based perovskites and from 1.6 up
to 2.2 eV for Pb-based perovskites.[-1%]
However, halide segregation, i.e., the re-
versible demixing of halide ions to form, for
example, I7- or Br-rich domains,['!) limits
the commercialisation of perovskite-based
devices.['?l Many studies have analysed the
influence of external and internal factors
on halide segregation. External stimuli
include humidity,**) light intensity,!'*]
oxygen concentration,’!  pressure,[1]

1. Introduction

Lead halide perovskites have recently become silicon’s leading
contender in solar cell materials.['! This material class possesses
an ABX; lattice structure, where the monovalent A-site cation

temperature,['’] electric fields,!'® and charge carrier transport
layers between the perovskite and electrodes.!'®! Internal factors
comprise the character of the A-site cations,?®! grain size,*!]
strain,!??l and defects.?’] Several models based on different
aspects have been proposed to explain the phenomenon of
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halide segregation in hybrid perovskites.[?*26 Despite all this
research, a complete understanding of the process has yet to
be achieved, and the missing pieces to bring the models to-
gether have yet to be found. In any case, however, the underly-
ing problem is connected to ion migration in the bulk and across
interfaces.

A common approach to reducing ion migration is the use
of additives.’”l Among these, one additive class often used
is a range of ionic liquids (ILs) consisting of cations and
anions.[?®] A widely used subclass is based on cations with an
imidazolium core and halogen or superhalogen anions, e.g. 1-
Butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,).[2%30]
The IL imidazolium cations, which can exhibit a wide vari-
ety of sidechains, are too large for incorporation in the per-
ovskite lattice.??3132] Hence, they are located at surfaces and
grain boundaries where they may form a passivation layer. A
similar ionic radius for BF,” and I~ indicates that the su-
perhalogen can saturate iodide vacancies.?3=¢l In any case,
however, it is agreed that both, cation and anion can pas-
sivate surface defects. The ionic liquid BMIMBF, is known
to increase film quality and device performance of halide
perovskites.[31]

We recently studied the impact of adding BMIMBE, to
MAPDI; and MAPbBr; powders with the aim to better under-
stand its role in the halide exchange process. At room tem-
perature, the addition of BMIMBF, decelerates the migration
of I~ and Br~ in the powders, as intended.’’”! However, when
the powders are heated to 55-90 °C, we find that the addition
of BMIMBF, increases the thermal halide exchange.*®! In this
earlier study, we used X-ray diffraction (XRD), photolumines-
cence, and nuclear magnetic resonance (NMR) spectroscopy on
MAPbI; and MAPbBr; powders with and without BMIMBE, to
obtain a qualitative model of how the IL accelerates halide ex-
change at elevated temperatures while it passivates the grain sur-
face at room temperature.

Here, we use our previous XRD data to develop a refined,
quantitative understanding of the halide exchange process in the
presence and absence of BMIMBEF,. The XRD data are partic-
ularly suitable as they allow for a quantitative analysis of the
global phase composition as a function of time. For the analy-
sis, we build on a well-established average effective interdiffu-
sion coefficient concept.3?! Average effective interdiffusion coef-
ficients are usually calculated to describe the alloying of different
metals.3** Recently, the interdiffusion of O?~ and F~ in bar-
ium ferrate perovskite-type systems was described in the frame-
work of an average effective interdiffusion process.[*’] We apply
this approach to the thermally activated halide exchange between
MAPDI, and MAPbBr, powders, which results in the formation
of the solid solution MAPDI, ;Br, ;. We expand it to extract time
and temperature dependant interdiffusion coefficients for both
halides, I~ and Br™. In the absence of an IL, the bottleneck to the
interdiffusion process is identified to be a kinetically hindered I~
diffusion into MAPDbBr; grains, most likely due to higher barri-
ers for Br~ vacancy formation. This is no longer the case in the
presence of BMIMBFEF,, as the BMIM™* cation seems to assistin re-
moving Br~ from lattice sites at the grain boundary surface, thus
facilitating Br~ vacancy formation and hence iodide penetration
at the MAPDBr, interface. The rate limiting process is then the
thermal activation of BMIM* mobility.
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2. Methods

The XRD experiment is described in full in Ref. [38], and data
acquisition details are repeated here in the Supporting Informa-
tion section A. In brief, two mechanochemically synthesized per-
ovskite powders, MAPbI; and MAPDBr;, in the following called
parent perovskites, were physically mixed in a cryo-ball mill un-
der liquid nitrogen temperatures. The resulting physical mix-
ture was then heated to three different temperatures, 60, 75, and
90 °C, and held at that temperature to induce the halide exchange
process. The time period for heating the sample to the tempera-
ture was ~15 min. After reaching the terminal temperature, the
evolution of the perovskite crystal lattice from the mixture of neat
compositions to the multicomponent solid solution MAPDbI Br,
was monitored in situ by XRD. A scheme of the experiment
and the obtained XRD data is displayed in Figure 1.1%8] For each
XRD pattern, we used a data acquisition time of 3.5 min. The
full XRD pattern from 10 to 50 °26 before and after heating are
available in Figure S1, (Supporting Information) and confirms
the absence of any impurity or degradation phases. This experi-
ment was then repeated for perovskite powders to which the ionic
liquid BMIMBEF, was added during their syntheses. In order to
extract the phase composition, the XRD pattern at every time
step was decomposed into 13 Gaussians of equal width at fixed
20 positions, nominally representing MAPbI;, MAPbIL, ,sBr 55,
..., MAPDI, ,sBr, 55, MAPbBr,; compositions. These compositions
resemble the multiple MAPDI, Br, phases forming due to the
thermally induced halide exchange.®® The area of each Gaussian
peak relative to the sum of all peaks corresponds to the fraction
of the associated phase observed in the sample.

3. Results and Discussion

Figure 1b and c¢ show the temporal evolution of the XRD pat-
tern during mixing as heatmaps, exemplary for powders without
and with the IL, held at 90 °C. The associated line cuts, shown in
Figure 1d,e, display the XRD intensity versus 26, for three exem-
plary times, 0, 10, and 62 h. The corresponding Gaussian lines for
each composition are coloured in shades from black to orange,
respectively (c.f. Figure S2, Supporting Information). The overall
evolution of the phase fractions for neat MAPbI;, neat MAPbBr;,
and the sum of all mixed compositions are displayed in Figure 1f
and g (c.f. Figure S3, Supporting Information for evolution over
the full measurement time). The data for the temperatures 75 and
60 °C are available in Figures S4,S5 (Supporting Information).
For the perovskite powders without IL, at all temperatures
studied, the neat MAPDI; phase decays faster than the neat
MAPDBr, phase. In contrast, when powders with IL are used,
the neat phases decay faster than without IL, and, moreover, at
an approximately equal rate.®®! This implies that the transport
of I" and Br~ during the formation of the solid perovskite solu-
tions is accelerated when the IL additive is present. We previously
interpreted this to indicate an active role of the IL in the halide ex-
change process.’8] We suggested that, at low temperatures, the
IL binds to the perovskite grain surfaces and saturates surface
defects, thus passivating the defect sites. However, at elevated
temperatures, the BMIM™ cation becomes highly dynamic and
no longer binds to the defect, thus rendering the defect site ac-
cessible. In addition, when leaving the defect site, it can take the
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Figure 1. a) Schematic representation of the halide exchange experiment conducted in Ref. [38]. b, c) Temporal evolution of the XRD pattern of the per-
ovskite powder mixtures at 90 °C without and with BMIMBF, (IL), respectively. d, €) XRD patterns (black dots) for powders without and with IL at 90 °C af-
ter selected times, fitted to a sum (dotted yellow line) of 13 Gaussian (redish lines) representing a gradually varying composition of MAPbI3 .0 25 Bro..0 25,
x=0, 1,...12. f,g) Evolution of the phase fractions of MAPbI; (black), MAPbBr; (orange), and the sum of all mixed MAPbI3_,.q 55Bro.0.25 phases (red)

for the powders without and with IL, respectively, at 90 °C.

halide anion there along. Our conclusion was that in particular,
Br~ anions are transported by the IL cation BMIM™*.[*] Hence,
the combined effect of opening the defect sites and transporting
halides accelerates the ion diffusion in a way that results in equal
diffusion for both halide species.

The driving force for the interdiffusion is the entropy gain
when the concentration gradient between the grains reduces.
Hence, I~ diffuse into the MAPbBr; grain and Br~ into the
MAPDI, grain. XRD only monitors a resulting net halide dif-
fusion between different perovskite compositions, i.e., halide
migration within the same composition, known to happen in
perovskites!*’#8] is not detectable via XRD. The XRD patterns for
the three different heating times of 0, 10, and 62 h at 90 °C with
IL from Figure le is magnified in Figure 2b, along with the de-
composition of the XRD peaks to 13 distinct halide compositions.
These compositions and their respective halide concentrations
can be translated into a concentration profile (Figure 2c) using
a 1D model as follows.[*>*] We use the average pseudoradius of
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perovskite agglomerates, i.e., grains of the same perovskite type
that stick together to form a larger particle. The pseudoradius
is the radius of a circle with the same area as the cross-section
of a halide perovskite agglomerate shown in the SEM images in
Figure S7 (Supporting Information). We find the pseudoradius to
be ~0.7 um for neat MAPbI; and MAPDbBr;, with and without IL.
In the presence of interdiffusion, we expect a monotonous con-
centration gradient falling or rising from the interface. Obviously,
the halide exchange happens at the interface. Thus, the fully
mixed composition will eventually form there, with a composi-
tional gradient toward the neat phases, MAPbI, and MAPbBr;,
which are furthest away from the interface. As the diffusion into
a grain occurs from either side, it suffices to consider the con-
centration profile from the center of one grain to the center of
the adjacent grain.

As mentioned, the 13 Gaussian peaks in the XRD pat-
tern correspond to 13 distinct compositions, ie., MAPDI;,
MAPbI, ,sBr 55, ..., MAPDbI ,sBr, ;5, MAPbBr;. The intensity of
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Figure 2. a) Scheme illustrating how the interface in a physical powder mixture is approximated as two adjacent 1D slabs of initially MAPbl; and
MAPbBr;. b) XRD patterns of the measurement with IL at 90 °C for three times 0, 10, and 62 h. The data (grey dots) are fitted (blue dashed line) to a
sum of 13 Gaussian peaks (black to red solid lines) representing a gradually varying composition with discrete phases of MAPbI; .4 55Brg,,.0.25, X =0,
1,..72.¢) I and Br~ concentration profiles derived from the 13 Gaussians, along with an interpolated profile.
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each XRD peak correlates directly with the width of the associ-
ated compositional layer, corrected by a factor of 1.07 to account
for the smaller lattice constant in MAPbBr; compared to MAPDI,
(c.f. Supporting Information section E).[**->3] We can thus obtain
a concentration profile for every time step from the XRD data.

As an example, Figure 2c displays the corresponding concen-
tration profiles of I~ and Br~ for interdiffusion between per-
ovskite powders with IL after 0, 10, and 62 h at 90 °C. At the
start of the measurement, (0 h), we find an intermixed area of
~100 nm to either side of the interface. We attribute this to begin-
ning ion diffusion during the 15 min heating ramp prior to reach-
ing the final temperature. After 10 h, mixed compositions rang-
ing from MAPbI,Br, to MAPbI, Br,, have spread up to 600 nm
of either side of the interface. After 62 h, the composition is
fully intermixed to a MAPDI, ;Br, s composition on the former
neat MAPDbBr; phase, while a 100 nm narrow a MAPDI, ,Br, 5
composition remains near the centre of the former neat MAPbI,
grain.

For the further calculation of the average effective interdiffu-
sion coeflicients, we interpolate these concentration profiles lin-
early (green line in Figure 2c). This avoids artefacts in the further
calculation resulting from discrete values (Supporting Informa-
tion section F). The corresponding data without IL and data ob-
tained at different temperatures are displayed in Supporting In-
formation section G. Furthermore, Supporting Information sec-
tion H shows the evolution of the concentration profiles for each
measurement over time.

To obtain the average effective interdiffusion coefficient for
I~ and Br~, we follow the approach originally suggested by
Dayananda,l®! related to the Boltzmann—-Matano method.l>*%]
This analysis has already been applied to describe the interdiffu-
sion of 02~ and F~ in barium ferrate perovskite-type systems.[*’]
Dayananda considers the diffusion fluxes in a binary system, and
based on the Onsager formalism and Fick’s law, he derives the
average effective interdiffusion coefficient for the left and right-
hand side from the interface at every time step t according tol*’!

e (x— xo)zdc

Da () = =5 ey (1)

- IS (x—xo)zdc

DLl = =5 = @

with ¢* and ¢~ denoting the concentration of the diffusing ion,
e.g. iodine, at the right and left boundary, respectively, and ¢° be-
ing the value at the interface (c.f. Figure 2a). In our case, D, de-
scribes the diffusion of the iodide toward the right of the inter-
face, i.e., into the Br-rich phases, and D, that of bromide toward
the left into the I-rich phases. Note that this average effective dif-
fusion coefficient is not an explicit function of time, but rather
it is a constant value representing the time-integrated diffusion
process up to the measured time t. Thus, the average effective dif-
fusion coefficient changes as the concentration gradient changes
with time.

For our discretized treatment, the integral in Equations (1) and
(2) needs to be expressed as a sum. Using x, = 0, ¢ = ¢, and
¢* =0, ¢ = 3 and following reference,3°! we obtain the average
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effective interdiffusion coefficient Deﬁg ; for I” and Dgﬂ 5, for Br~
according to

y X %A

Dy () = —-— (3)
1 2tc,

~ PEA

D,y () = —— 4
ejf,Br( ) Zt(c— — C()) ( )

Here, x; is the distance of the pointjto x = 0 and Ag; is the
difference in the concentration of two adjacent concentration val-
ues. Applying Equations (3) and (4) to the data in Figure 2 re-
sults in the average effective interdiffusion coefficient displayed
in Figure 3a. For the analysis of the mixing process, it is useful to
consider the squared penetration depths. x; of both halides given

by reference:*"]

x; () = 2Dy () - ¢ (5)

X (1) indicates how far the ions penetrated up to the time ¢,
and it is displayed in Figure 3b for samples held at 90 °C. x; for

all temperatures and x2(t) for samples at 75 °C and at 60 °C

are available in Figures S20-S22 (Supporting Information). ngf
gives the effective diffusivity, i.e., averaged over time from ¢ = 0
to t. Thus, ZDgﬁ corresponds to the secant in the x; versus t plot
(blue lines in Figure 4). We can derive the instantaneous diffu-
sion coefficient at a particular time ¢, D(t), by taking the tangent
to x;(t) (Figure 3c, red lines in Figure 4).

Diy=:—" ©)

The apparent time dependence of the diffusivity is a result of
the change in concentration with time. D(t) shows a decay over
time that can be fitted well with a single exponential function. A
closer look at the decay suggests that there is a decaying oscil-
lation superimposed on the exponential decay. The intensity of
this transient oscillation varies between different temperatures.
Its origin is not entirely clear, but it might reflect the interde-
pendence of I~ and Br~ interdiffusion, as well as morphological
variations.

The average effective interdiffusion coefficients are generally
higher than the time-dependent diffusion coefficients. We at-
tribute this to the fact that we start with an already slightly in-
termixed interface at t = 0. The diffusion coefficients we obtain
are in the range of 10713 to 107 cm? s7!, similar to values re-
ported in earlier work on single crystals in solutions,®* a coupled
mixed halide nanowire,>*! thin films pressed on each other,>*>7]
and nanocrystals on nanowires.*®!

Comparing the samples for I~ and Br~ without IL, we find the
average effective diffusion coefficient as well as the instantaneous
diffusion coefficient for Br~ to be up to three times that of I~
(Figure S23, Supporting Information). This is also reflected in
the larger diffusion length of Br~. Figure 3 hence demonstrates
that, in samples without IL, Br~ ions diffuse further and faster
in the iodide-rich phase than I~ ions in the bromide-rich phase.
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Figure 3. a) Average effective interdiffusion coefficient Deﬁr at 90 °C without (top) and with (bottom) IL. b) The root mean square penetration depth
obtained without (top) and with (bottom) IL. Green dotted lines represent the maximum diffusion length for the two ion species due to the finite grain
size. ) The time-dependent diffusion coefficient D(t) without (top) and with (bottom) IL. Also shown are single exponential fits.

This is similar for temperatures of 75 and 60 °C (Supporting In-
formation section J).

Our finding of a faster diffusion of Br~ in I-rich phases than
of I” in Br-rich phases in the absence of any IL is consistent

[10° nm?]
N
N
O

2
Xp

0 -

0 20 40 60 80 100
Time [h]

Figure 4. The difference between the average effective interdiffusion co-
efficient D g (blue secants) and the time-dependent diffusion coefficient

D (red tangents) exemplary on the squared penetration depth X; of I~ for
the measurement at 90 °C with IL.
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with the existing body of work. It was also reported for stud-
ies of halide exchange between solution and single crystals,!>]
and in thin films pressed on each other.’”] Previous studies at-
tributed the lower diffusivity of I" in MAPbBTr;, to higher barriers
for Br~ vacancy formation,®®! and migration,!**** and concomi-
tantly a lower defect density in MAPbBr;.[%%] This seems plau-
sible, since i) the bond strength is higher for Pb—Br compared
to Pb—L,[%¢] and ii) the smaller ionic radius of Br~ compared to
I~ (196 pm vs 220 pm)!®’] leading to a smaller lattice constant
in MAPbBr; compared to MAPbI; (5.9 A vs 6.3 A).[*>*] This is
confirmed by density functional theory (DFT) calculations on the
Pb—Br and Pb—I bond strength in MAPbI, and MAPbBr;, and
the excess energy of halide interdiffusion as detailed in the Sup-
porting Information section K. In brief, the energy contribution
to the bond strength is found to be -0.82 and -0.75 eV for Pb—Br
and Pb—I, using the Integrated Crystal Orbital Hamilton Popula-
tion method.[%®] This shows that the Pb—Br bond is ~8% stronger
than the Pb—I bond, also reflected in the Pb—Br bond distances
of 3.02 A versus Pb—I bond distance of 3.22 A, supporting that
Br~ vacancy formation has a higher barrier. Further, we calculated
the excess energies!®7% of MAPDI, Br, and MAPDbBTr, I, result-
ing from replacing an I~ (Br~) ion in MAPDbI; (MAPDbBr;) with a
Br~ (I") ion. Here, we found a value of -0.77 eV for MAPbI,  Br, (x
=1/27), demonstrating that interdiffusion of Br~ into MAPDI, is
energetically favourable. Contrary, we found a value of ~+5 meV
for MAPbBr, I, (x = 1/27), highlighting that interdiffusion of I~
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into MAPDBr, is impeded. Comparing the geometry-optimized
structures of MAPbI, , Br, and MAPbBr, I, further reveals that
the softer MAPDI, lattice is able to deform in order to accommo-
date Br~ easily, while the stiff MAPbBr, lattice shows negligible
deformation limiting I~ interdiffusion (Figure S25, Supporting
Information). In summary, Br~ diffusion in MAPDI, via large I~
vacancies should be facile, while I~ diffusion in MAPbBr; may be
impeded by the lack of Br~ vacancies and the smaller and stiffer
MAPDBr, lattice.

When IL was added to the perovskite powders during synthe-
ses, diffusion is accelerated for both, I~ and Br~. In particular,
both halide species show approximately the same diffusivity and
diffusion length. This also applies to the samples held at 75 and
60 °C (Supporting Information section J), though the diffusion
process slows down as the temperature reduces. This change
upon IL addition shall be analyzed and discussed in detail fur-
ther below.

The faster bromide diffusion in perovskite powders without
IL may, at first sight, seem at odds with the faster decay of the
neat MAPDI,; phase shown in Figure 1. In our previous study,
we interpreted the faster MAPDI, phase decay in pristine sam-
ples to indicate a faster iodide migration compared to bromide
migration.*®] The accelerated MAPDbBr, decay in the presence of
the IL (Figure 1g) was interpreted as a pronounced acceleration
of Br~ diffusion with IL. The data in Figure 3 show that IL ac-
celerates the diffusion of both halides, with I~ being accelerated
more than Br~. The reason for this puzzle with regard to our pre-
vious conclusion is that previously, the focus was set solely on the
decay of parent perovskite phases, i.e., the decay of MAPDI; and
MAPDBEr;. In contrast, now we focus on the halide interdiffusion
to form mixed halide phases. Consequently, the analyzed direc-
tions of diffusion are reversed, and we need to adjust our previous
interpretation. A faster MAPDI, decay observed in pristine sam-
ples is caused by a fast diffusion of bromide into MAPbI; and
thus reflects a higher Br~ diffusion coefficient. This reconciles
the observation of Figure 1 and Figure 3.

In contrast to the conclusions from the XRD analysis, the re-
sults of the previously reported 'H and *F MAS NMR measure-
ments on the IL additive in the perovskites do not change with
the direction of the analyzed diffusion process. While the mobil-
ity of the BF,~ does not change at temperatures between 60 and
90 °C, BMIM™ exhibits an increase in mobility.**! Hence, the dif-
ferences between the different temperatures can be attributed to
the IL cation. Furthermore, the IL ions separate because of the
tendency of BMIM™ to bind to Br~,[* and the accumulation of
BF,~ on the surfaces of MAPDI, grains.[*®! Nonetheless, no indi-
cations of the influences of the IL on the bulk perovskite could
be found.®®! We note that 'H and 1YF MAS NMR measurements
published in our previous report give no hints for any thermal
degradation of the BMIMBF, additive in our temperature range
up to 90 °C.381 Others reported degradation of the IL well above
300 °C.71

To further investigate the influence of the IL, we compare the
measurements at different temperatures. We focus on mono-
exponential fits to the time-dependent diffusion coefficients:

D (t) = D, exp (—kt) + D, (7)
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Table 1. Activation energies and pre-exponential factors for both halides at
90 °C with and without IL extracted from the Arrhenius plots in Figure 5.

without IL with IL

E, - 31k mol™! (0.32 eV) 85 k) mol~! (0.88 eV)
57 k) mol™! (0.59 eV) 80 k) mol™! (0.83 eV)
Br
Dy I~ 14107 cm? 577 7.9-107% cm? 57!

3.1-107% cm? s7! 10.8 - 107 cm? 57!

Br~

A table listing all fit parameters (D,, k and D) for all tempera-
tures studied is given in Table S1 (Supporting Information). The
values for the diffusion coefficient extrapolated to the beginning
of diffusion at t = 0, D,, are summarized in Table 1, exemplary
for the halide exchange at 90 °C with and without IL. The dif-
fusivity of Br~ always exceeds that of 17, yet when IL addition
accelerates the initial diffusivity, the relative difference between
both halides reduces.

To analyse the temperature dependence, the relevant quantity
is the time-independent rate constant k that characterises the dif-
fusion. k is a measure for how fast the concentration gradient
that drives the interdiffusion disappears. An Arrhenius plot of
the rate constant k on a semilogarithmic scale versus the inverse
temperature yields the activation energy E, from the slope of the
linear regression (Figure 5).

The activation energies we find (31 to 85 k] mol~!) are compa-
rable to those found in other halide exchange studies, with val-
ues ranging between 27 to 74 k] mol~! (0.28 to 0.77 eV) reported
in references.>>°%587273] Furthermore, the activation energy for
the remixing of segregated MAPbI, Br, , thin films is with 53.5 k]
mol™! (0.55 eV), similar to our values."] The errors associated
with the data in Table 1 are estimated to be ~#10 % of the values.
This reflects the estimated systematic error, which exceeds the
statistical error from fitting by at least one order of magnitude.

First, we discuss the activation energies for pristine samples
and, subsequently, the impact of the IL. Without IL, the activation
energy for the diffusion of Br~ in MAPDI, is significantly higher
than for I~ diffusion in MAPbBr;, as evident from the steeper
slope in Figure 5c. We attribute this to higher barriers for Br~
vacancy formation resulting from the stronger Pb-Br bonds as
discussed above. The vacancy formation, leading to free anions,
may be the dominating factor determining the activation energy
of the Br~ diffusion process. Once the barrier to free Br~, i.e.,
the Br~ vacancy formation, is overcome, Br~ can diffuse easily in
MAPDI, and in iodide-rich phases because of their larger lattice
constants and the availability of iodide vacancies. Eventually, this
leads to high decay rates.

We complement our previous interpretation®®! on the role
of BMIMBEF, in the thermally induced halide exchange pro-
cess. We suggest that at room temperature, the additive cation
BMIM* saturates undercoordinated iodide and bromide at per-
ovskite grain interfaces. The interaction between BMIM* and
the halide (X) in turn slightly weakens the X-Pb bonds of the re-
spective halides to the perovskite lattice. We suggest that at el-
evated temperatures, these bonds may be broken up in favour
of the halides binding to BMIM* and thus facilitating halide
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Figure 5. Arrhenius plots of the decay rate k of the time-dependent diffusion coefficient for a) I~ and b) Br~ with and without IL. c) and d) show the

comparison between |~ and Br~ without and with IL.

vacancy formation, which results in an overall increase in diffu-
sion coeflicients (Figure 3, Table 1). However, as BMIM™ binding
to Br~ is preferred compared to I7,1*] this effect will be more pro-
nounced for bromide and thus facilitate particularly Br~ vacancy
formation, which was the bottleneck for I~ diffusion into Br-rich
phases. Additionally, the resulting BMIM™*-X~ complex may act
as a vehicle and shuttle halides between grain interfaces. Again,
due to the favoured interaction between BMIM* and Br~, we ex-

Adv. Funct. Mater. 2026, 36, 10920 €10920 (8 of 10)

pect a more facile release of iodide from the complex. This would
result in a faster I~ exchange to grain interfaces and thus further
reflect the stronger increase in I~ diffusion coeflicients with IL
(Figure 3, Table 1). In summary, the vacancy formation as well as
the transport of halides is facilitated by the BMIM*. The mobil-
ity of BMIM™, however, is itself strongly temperature activated.
Thus, the activation energy for the diffusion process in the pres-
ence of IL mainly reflects the activation energy for the BMIM™*
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mobility and is therefore the same for both halides, i.e., ~0.8—
0.9eV.

To evaluate the application of our approach on other systems,
we have also analyzed previously measured halide interdiffu-
sion with the ionic liquid BMIMPF, (Figure S26, Supporting
Information).* The ionic radius of PF,~ (254 pm) is bigger than
BF,~ (229 pm),[ so that the interdiffusion may differ. How-
ever, we find that the effect of BMIMPF, on halide interdiffusion
is similar to the influence of BMIMBF,. This is, the diffusion
process gets accelerated and the diffusion coefficient for I~ and
Br~ become equal. We attribute this to the BMIM™ cation as dis-
cussed above.

4, Conclusion

We present an approach to quantitatively evaluate halide dif-
fusion in halide exchange processes in perovskites. We based
our analysis on an average interdiffusion model by Dayananda
et al.?>*®] For this purpose, we analyzed the concentration pro-
files obtained by XRD in an earlier study®® of halide diffusion
in physically mixed MAPbI, and MAPbBr; powders at tempera-
tures up to 90 °C. We extended the average interdiffusion model
to derive the instantaneous diffusivity D(t) that decays in a single-
exponential fashion over time. The time dependence is a result
of the disappearing concentration gradient that drives the inter-
diffusion.

We find a higher diffusion coefficient D(t) for Br~ than for I~
for the complete halide exchange process at all investigated tem-
peratures in the absence of IL. We attribute this mainly to the
higher barrier for the formation of Br~ vacancies, which kineti-
cally hinders the I~ diffusion into Br-rich phases. The addition of
the IL BMIMBF, results in an overall accelerated diffusion pro-
cess. The diffusion constants as well as activation energies for
I~ and Br~ diffusion become nearly equal. We consider that this
results from the BMIM™* cation facilitating the formation of Br~
vacancies and shuttling halides between grains. In this way, the
bottleneck of Br~ vacancies is removed so that the I~ diffusion is
more expedited. The process is controlled by the thermal activa-
tion of the BMIM™ cation. The concept of average effective inter-
diffusion coefficients may also be applied to, e.g., other additives
and perovskites with different A-site cations, and thus allow for
insights into their diffusivity. Hence, we provide a general model
insofar that the model can be applied to any system where ion
migration and associated concentration gradients can be tracked
quantitatively. However, the data extraction, interpretation, and
analysis need to be adjusted for the specific system considered.
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Supporting Information is available from the Wiley Online Library or from
the author.
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