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Abstract

The recently developed family of 3D halide perovskites with general formula (A)1x(en)x(M):-
0.7x()3-0.4x (A= MA, FA; M= Pb?*, Sn?*; en = ethylenediammonium), often referred to as
“hollow perovskites”, exhibits exceptional air stability and crystallize in the high symmetry a
phase at room temperature. These properties are counterintuitive considering that these
structures include the large divalent en cation charge-compensated by vacancies of Pb
cations and | anions. Moreover, an understanding of their transport behaviour is incomplete.
To provide new insights into the ionic and electronic transport properties of these hollow
perovskites, we performed DC polarization experiments and ab initio calculations on the
{en}MAPDbI3s material. We observe large variations of ionic and electronic conductivities with
en concentration, which can be explained by charge and site arguments in conjunction with
trapping effects. The latter is reflected by the increase of the activation energies for iodide
ion transport with higher en content that we observe from both experimental and
computational results. The connection between these transport phenomena and the stability
of hollow perovskite materials and devices are discussed.



1. Introduction

Organic-inorganic (hybrid) halide perovskites are three-dimensional compounds with
general formula AMXs (A=methylammonium, MA, formamidinium, FA, and Cs; M= divalent
metal, X=Cl, Br, 1)."2 The systems in which the metal is Pb and Sn are particularly important
due to their applications in a wide variety of optoelectronic devices with exceptional
performance.3® In particular, their utilization as light harvesters in solar cell devices yielding
competitive performance (power conversion efficiency values up to 25.5%)’ has attracted
immense scientific interest.®!° The higher the crystal symmetry the minimal the deviation of
the Pb-I-Pb bonds from 180°; this gives rise to maximum orbital overlap among Pb and |
atoms and yields lower carrier effective masses.!! This trait determines many optoelectronic
properties of this family of materials, such as light absorption coefficients!? and carrier
lifetimes.!*!1> Unfortunately, the majority of hybrid halide perovskites with band gaps in the
optimum range for single junction solar cells,'®!” such as a-FAPbIs (1.40-1.44 eV)'*!° and
B-MAPbDI3 (1.51-1.55 eV),'> 120 are not stable in their undistorted cubic a phases at room
temperature and can also exhibit instabilities arising from ion migration in the crystal
structure.?! Owing to this, a common strategy to stabilize the cubic phases at room
temperature is the use of a mixture of A site cations (MA, FA, Cs),* as well as of X site
anions (I, Br, Cl)*** in the same compound. However, some of these types of mixed-anion
perovskites undergo halide segregation upon illumination,?2® implying an enormous leeway
for ion migration.?°

lon migration enabled by point defects may be an inherent problem in halide
perovskites and ultimately may well prove to be the Achilles’ heel of these systems. On the
other hand, forced to live with such intrinsic defects, achieving control over ion migration
becomes of utmost importance. As such, the understanding and tuning of ion migration is
presently under intense investigation in this class of versatile material.30-36

Recently, we have developed a new family of so-called ‘hollow perovskites’, with
general formula (A)x(en)x(M)1o7x(1)s-04x (A= MA, FA; M= Pb?", Sn?; en =
ethylenediammonium) which seem more resistant to such ion migration.!” They are
considered a special kind of three-dimensional (3D) halide perovskite that exhibit
significantly higher stability than the conventional 3D perovskites. The ethylenediammonium
cation (en) can be incorporated into the 3D structure, even though according to the
Goldsmith tolerance factor criterion, this cation should be too large to fit in the A cage.?”®
The structure is able to accommodate these larger en cations by creating randomly
dispersed pairs consisting of Pb or Sn cation vacancies and charge-compensating iodide

ion vacancies in the inorganic network, which provide the required additional space. This



was verified by a wide range of characterization techniques, such as single crystal and
powder X-ray diffraction (XRD) measurements, which confirmed that the synthesized
materials are indeed 3D perovskites.'® Proton nuclear magnetic resonance spectroscopy
("H-NMR) measurements demonstrated that en is effectively incorporated into the crystal
lattice. Crystal density measurements established that there is a marked decrease in mass
density with increasing amount of en, consistent with the presence of vacancies of the heavy
Pb cations and | anions in the structure. This is further supported by electron dispersive
spectroscopy (EDS) measurements finding an Pb:l ratio of 1:4 (as opposed to 1:3 in the
non-hollow perovskites).'®

Interestingly this new structural hollow motif allows the fine-tuning of both the
absorption and emission spectra, due to the occurrence of a blue shift with increasing
amount of en.”% 38 DFT calculations have shed light on this phenomenon, ascribing it to the
reduction of the number of M-I fragments, whose orbitals constitute the valence and
conduction bands.'® 3° This narrows the widths of the electronic bands, increasing the
bandgap proportionally to the inclusion of en in the lattice. Notably, this can be attained
without reducing the dimensionality from 3D to 2D. Another prominent trait of this class of
materials is their record air stability, which concerns both Pb?* and Sn?* perovskites. In
particular, it is possible to stabilize the cubic a-MAPDbIs phase at room temperature for almost
a year (above 10% en inclusion). For the Sn-based analogues, there is a gradual increase
in the air stability of the a-MASnhIs phase by two orders of magnitude (16 days in air for the
40% en based sample) compared to the pristine material, which is stable in air for around
10 minutes depending on humidity.!” We took advantage of these favorable characteristics
and assembled solar cells employing hollow perovskites, obtaining a very high and stable
PCE value of 7 % for a fully Sn based perovskite solar cell, demonstrating the applicability
of this novel class of semiconductors.*

Although the hollow perovskites exhibit higher stabilities, their ionic and electronic
conductivities are poorly understood, and as such deserve to be investigated in more detail.
In this work, we combine experimental and simulation techniques to study, for the first time,
the effect of en concentration on iodide ion transport in the {en}MAPbI3 hollow perovskites.
lonic and electronic conductivity is examined through DC polarization measurements as a
function of temperature, and ab initio modelling is used to probe the atomic-scale migration
paths and trends in activation energies. When en is incorporated into the structure, the
experimentally observed ion conductivity is initially slightly enhanced with respect to the en-
free material, but then decreases significantly on further increase of the en content, which

is confirmed by the trends in computed activation energies for iodide ion migration. These



measurements also show a substantial decrease in the electronic conductivity which, as the

slowest species, is decisive for the chemical diffusion coefficient, at least in the dark.

2. Results & Discussion
2.1 Structural characterization

High quality single crystals were synthesized according to previously published
procedures.'® The corresponding materials were characterized using PXRD measurements
(Figure 1), with the methods described in the Supporting Information (Sl). The incorporation
of en into the crystal lattice gives rise to a B (tetragonal /4/mcm) to a (cubic Pm-3m) phase
transformation above 10% en loading, while there is a gradual increase of the unit cell
volume with increasing en amount, demonstrated by the shift of the diffraction pattern to
lower 26 values. Both these attributes represent signature characteristics of the 3D hollow
perovskites. The phase transition is evident by the disappearance of the diffraction peaks at
20 = 23.39° (211), 30.80° (213) and 42.59° (411) for samples with 10%, 34% and 47% en.
In order to validate and determine the amount of en that is actually incorporated into the
structure, "TH-NMR measurements were carried out by dissolving the dried single crystals
into a deuterated solvent (SI, Figures S1-4). The quantification is based on the methyl (-
CHs, & = 2.38 ppm) protons of the methylammonium cation versus the methylene (-CH2-, &
= 3.02 ppm) protons of the ethylenediammonium cations. The ratio among the protons of
the en cation is 4.6, indicating the double protonation of en in the solution. For simplicity
purposes, instead of the general formula (MA)ix(en)x(Pb)1-0.7x(l)3-0.4x, the following
notation %{en}MAPbIs will be utilized throughout the manuscript to describe the hollow

perovskites.
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Figure 1. (a) Comparison of experimental PXRD patterns of the (MA)ix(en)x(Pb)1.0.7x(1)3-0.4x

Intensity (arb. units)

compounds with increasing amount of en. The 4% en hollow perovskite is isostructural to the pristine
B phase MAPDI3, while the rest of the hollow materials for x values up to 47% are isostructural to the
pristine a phase MAPDIs. (b) The highlighted area is enlarged to demonstrate the shift of the
diffraction peaks to lower 26 values (signalling a unit cell expansion) and phase transformation from

B to a. Vertical dotted line is a guide for the eye.

2.2 Measurements of conductivity versus en concentration

Figure 2 shows the results of DC polarization measurements carried out on
{en}MAPDbI3s samples with different en concentrations. The measured voltage response to
the galvanostatic stimulus is evaluated as follows: the initial jump after switching the current
on, and equivalently the drop after switching off, is attributed to the motion of both ions and
electrons, while the steady state delivers solely the electronic contribution. The time
dependence of the polarization is caused by the build-up of stoichiometric gradients and
characterized by the chemical diffusion coefficient (a more detailed treatment is given in the

Sl section S4, while a full analysis is given elsewhere).4%#! This presupposes the absence



of significant electronic contributions from internal interfaces, an assumption supported by

impedance spectroscopy.
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Figure 2. lonic and electronic contributions to the conductivity of MAPbIs samples with different amounts of
ethylendiammonium (en). The values are extracted from DC polarization measurements performed at 120 °C
in the dark, under a constant iodine partial pressure of 107 bar (carrier gas = Ar).

The analysis reveals a predominant ionic conductivity that we attribute to iodide
vacancies based on evidence from our previous experimental and computational studies,*®
3336 and on the simulation results discussed below. The electronic contribution is ascribed to
holes, as shown by the enhancement of electronic conductivity upon increasing iodide partial
pressure (see Sl, Figure S5). The dependence of the ionic conductivity on the en
concentration shows an initial increase, followed by a marked decrease at higher en
contents. As noted, previous structural characterisation,'® indicates that the doubly charged
en cation not only substitutes the A-site MA* cation but also requires the neighbouring Pb?*-
site to be vacant, giving rise to an effectively negatively charged center (en?* substituting
both MA* and Pb?*). This effective negative charge is compensated by an increase in the
concentration of iodide vacancies, which are effectively positively charged. The significant
decrease on higher en doping is therefore a characteristic feature of trapping (e.g. acceptor
dopant-anion vacancy interactions) or of more complex deviations from ideality (including
variations of migration energies in the presence of high defect concentrations). This variation
is in agreement with a substantial acceptor doping, which increases the concentration of

positively charged carriers (iodide ion vacancies).



Charge carrier-dopant interaction can also explain the observed behavior of the
electronic conductivity (0eon). The fact that we see already a strong decrease in the electronic
conductivity at 4% en content points towards a greater sensitivity of geon With respect to non-
idealities. This behavior is independently reflected in the finding that even such low en
contents can induce band-gap variations.* It should be noted that the absolute conductivity
of nominally pure MAPDIs is probably the least defined value, as it can be influenced by
unknown background impurities. As such, we expect the initial increase to vary with

preparation conditions, but the qualitative features are still meaningful.
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Figure 3. Arrhenius conductivity plots and activation energies for different en contents in %{en}MAPblIs.
Closed symbols represent data measured from low to high temperature, while open symbols show data
collected from high back to low temperature to check reversibility. (a) 0 % en, (b) 4 % en, (c) 47 % en. The
trends are extracted from DC galvanostatic polarization measurements performed as a function of
temperature.

For the discussion of the activation energies it is important to recall the details of the
sample conditioning. A measurement under a given iodine partial pressure could not be
performed as the equilibration times for low temperatures are much too long. Hence, the

procedure described in previous defect and transport work was followed.** The sample was



equilibrated at a relatively high temperature (120 °C) under constant iodine partial pressure,
where the equilibration still takes a long time, but can be established. Thus, as far as the
interaction with the gas phase is concerned, the samples can be considered to be frozen at
lower temperatures. Hence, the results refer to a constant sample stoichiometry (no
variations of defect concentration upon heating), and temperature effects include effects on
the migration of charge carriers (variation of migration energies, i.e. of the hopping barriers)
and association energies. For the conductivity measurements, it helps that the relaxation
times for the polarization are typically shorter than the equilibration with the gas phase (a
point that will be taken up below), but still so long that extrapolation is typically necessary to
determine the partial conductivities (see e.g. Ref.*). As shown in Figure 3, the ionic
activation energy increases modestly from 0.26 eV to 0.34 eV when an en-doping of 4% is
employed, but almost doubles (0.57 eV) when reaching a 47% en content. The same trend
is observed by ab initio calculations and discussed in the next section. In the first
approximation, 0.26 eV can be assigned to the migration energy of iodide vacancies (as
stated above, the experiments refer to constant defect concentrations), while the excess
values can be ascribed to trapping and non-idealities. Concerning the electronic conduction,
we expect the temperature dependence of the electronic mobility to be negligible*
compared to the formation energy of the electronic defects (including trapping effects),
therefore we attribute the observed temperature variations to the latter.

A relevant property is the kinetic stability with respect to iodine loss;* let us consider
as an example iodine loss from the lattice due to heating. As detailed previously,* ¢ jodine
first diffuses from the bulk of the material to the surface (ambipolar bulk transport with iodide
ions and electronic species as charge carriers), where a sequence of surface reaction steps
have to be undergone before it is released into the gas phase as l2. Improving the kinetic
stability of a material can thus be achieved by influencing the bulk transport step and/or the
surface step. Considering the bulk transport process, the key parameter is the respective
chemical diffusion coefficient (D®), here represented by the chemical diffusion coefficient of
iodine (see for details SI Section 4). The most favourable situation would be a far-reaching
absence of ion conductivity. These values indeed become significantly lower at high en
concentration, but are perceptible and still higher than the electronic conductivities. The fact
that in the dark the electronic conductivity, and certainly the electronic carrier concentration,
is lower than the ionic counterpart makes D?® electronically limited. For such a situation we
have the following:*

D% = Deon - Xeon



where Deon is the diffusion coefficient of the electronic species and Xeon is the trapping factor.
The strong decrease of Deon With en concentration (Fig. 2) lowers D? significantly, and should
thus increase the kinetic stability. The trapping factor (xeon) depresses D°® even below the
value determined by Deon alone. A treatment under high iodine partial pressure is helpful to
increase Teon, but it would also enhance D?.

While D® characterizes the transient of a bulk-diffusion controlled decomposition
reaction, the steady state rate is characterized by a® (proportional to the harmonic mean of
ionic and electronic conductivities) and hence also given by the slowest species. All these
results refer to the dark situation. Owing to the high en doping concentrations, and to the
experience with MAPI, one does not expect the chemical relaxation times to become so
large under illumination that they could explain the kinetic stability.*” Rather, neither the
absolute values of the relaxation times of the DC polarization, nor the variation on the en
content can explain the remarkable stability of hollow perovskites (DC polarization time
scales are on the order of 3 min for 0% and 15 min for 4% en, as shown in the SI, Fig S6) .
Instead, the much higher relaxation times of the observed iodine gas/solid exchange are
revealing. Here, absolute values and the magnitude of the variation (equilibration time scales
T ~8h for 0% and T ~200h for 4% en at 80 °C, shown in Fig. 4) are closer to the reported
stability time windows. As mentioned above and detailed previously,** %6 the difference
between the two experiments is that the exchange also includes surface reaction steps

(charge transfer, ionization or deionization, adsorption or desorption).
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The occurrence that the surface reaction is much more sluggish than bulk diffusion
at these low temperatures is not at all surprising and has been well established for various
perovskite oxides such as SrTiO3*“ Note that varying the surface resistance or bulk
chemical diffusion coefficients does not have an impact on the thermodynamic stability of
the materials, which may present an appreciable driving force towards decomposition.
Nevertheless, improving the kinetic stability may suffice in yielding important improvements
towards the applications of these materials. The detailed mechanism of the influence of en
doping on the surface kinetics is beyond the scope of this study and warrants future

investigation.

2.3 Atomistic migration pathways
As noted above, the macroscopic conductivity measurements find an increase in the

ionic activation energy with increasing en content. To provide further insights at the atomic
level, we have performed ab initio DFT simulations on the pathways and relative activation
energies for iodide ion migration in {en}MAPDblIs, extending our previous ion transport studies
of halide perovskites.30 3¢ (Details on the computational techniques, which have been used
in recent studies on perovskites®* 3% 433 are provided in the Sl section S1). With regard to
the structure of the doped MAPDbIs system, the simulations support the structural
characterization in which the divalent en cation substitutes both MA* and Pb?*, with charge-
compensation by iodide vacancies. Such defect chemistry would support iodide vacancy-
mediated ionic conductivity. Due to symmetry and supercell size considerations for these

complex hollow structures, we simulated two en contents of 6.25 % and 37.5 %.
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(a) 6.25 % en (b)37.5% en
Side view Side view

Top view Top view

Figure 5: Simulated crystal structures and ion migration paths of enMAPDIs. (a) 6.25 % en (b) and 37.5 % en
content. For clarity, the hydrogen atoms are omitted, and the C and N atoms of the en cations are highlighted
in red. (c) lodide ion migration pathways are indicated by the arrows between the initial non-equivalent iodide
vacancy positions (yellow) marked as V(1) to Vi(5), and the final iodine vacancy positions (green), Vi(A) and
Vi(B).

To investigate the impact of increasing the en-content, we considered six possible
pathways for iodide vacancy migration between neighbouring sites with very similar diffusion
lengths and local environments of the two en concentrations, shown in Figure 5. These
migration pathways (indicated by arrows) share two final iodine vacancy positions, Vi(A) and
Vi(B), with the initial iodide vacancy positions assigned as Vi(1) to Vi(5). These non-
equivalent vacancy positions were chosen from the local octahedron environment of the Pb
vacancy and the adjacent Pbls octahedron below. Although we recognise that other paths
are possible, the number of paths considered near the en cation allow us to probe trends in
migration activation energies for the two en concentrations, which is the main focus here.

Energy profiles for these pathways were mapped out between adjacent sites to derive
activation energies, and particular care was taken to ensure full convergence (with the
values listed in Table S1). For long-range ion migration in the two en contents considered,
we extracted the mean activation energy of 0.56 eV for the migration pathways in the 6.25%
en material, whereas in the 37.5 % en material the mean activation energy has a higher
value of 0.69 eV. Our focus here is on the atomistic pathways and on the trends in energies;
indeed, these results find qualitative agreement with the experimental conductivity data in

11



showing increasing ionic activation energy with increasing en content. Overall, these ionic
activation energies are slightly higher than the experimental values, which can be attributed
to the complex anisotropy and the structural distortion in these en containing systems.

The ab initio simulations also provide useful structural information. The presence of
the much larger en cation and compensating vacancies can cause an increase in the volume
of the Pb/l cage and distortion of the local inorganic framework, as well as dopant-vacancy
trapping effects. Our simulation analysis of the local structure around the en cation indicates
significant local ion displacements leading to an increase of ~0.6 A and ~0.25 A of the Pb-
Pb and I-I distances respectively within the Pb/l cage. These structural changes result in
higher activation energies for iodide ion migration in the highly en substituted perovskite. It
is worth noting that such atomic-scale mechanistic and local structural features are difficult
to extract from experiments alone, and one of the aims of this study is to stimulate further

work in this area.

3. Conclusions

Our combined experimental-computational study has provided new insights into the
transport properties of the ethylenediammonium (en)-based 3D hollow perovskite (MA)1-
x(en)x(Pb)1-0.7x(l)3-0.4x in which we observe large variations of ionic and electronic
conductivities with en concentration. The DC polarization measurements show that with
increasing en content there is a small initial increase in ionic conductivity and then a
substantial decrease for higher en contents. This can be attributed to the expected doping
behaviour in which the divalent en cation substitutes both MA* and Pb?*, with charge-
compensation by iodide vacancies, in conjunction with trapping interactions of the highly
concentrated en dopants with the charge carriers. The latter is reflected by the increase of
the activation energies for iodide ion migration with higher en content that we observe from
both experimental data and ab initio simulations. In contrast, the electronic conductivities
feel the non-idealities already at lower en concentrations and decrease monotonically. Our
significant finding that, in the dark, the electronic contributions to the conductivity are always
smaller than the ionic terms indicates that they determine the chemical bulk relaxation times
under these conditions.

This combined study enhances our fundamental understanding of transport
phenomena in the {en}MAPDbIs hollow perovskite, and shows the strong influence of en
substitution on both ionic and electronic conductivities. As well as the effect of these bulk

parameters, the transient experiments point towards an important role of surface kinetics in

12



the stability of hollow perovskite-based solar cells. We also expect these insights to be

applicable to the corresponding Sn-based hollow perovskites.
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