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Abstract: A recently discovered new family of 3D halide perovskites with the general formula 

(A)1–x(en)x(Pb)1–0.7x(X)3–0.4x (A = MA, FA; X = Br, I; MA = methylammonium, FA = 

formamidinium, en = ethylenediammonium) is referred to as “hollow” perovskites owing to 

extensive Pb, and X vacancies created on incorporation of en cations in the 3D network. The 

“hollow” motif allows fine tuning of optical, electronic, and transport properties, as well as 

bestowing good environmental stability proportional to en loading. To shed light on the origin of 

the apparent stability of these materials we performed detailed thermochemical studies, using room 

temperature solution calorimetry combined with density functional theory simulations on three 

different families of “hollow” perovskites namely en/FAPbI3, en/MAPbI3 and, en/FAPbBr3. We 

found that the bromide perovskites are more energetically stable compared to iodide perovskites 

in the FA- based hollow compounds, as shown by the measured enthalpies of formation and the 

calculated formation energies.  The least stable FAPbI3 gains stability on incorporation of the en 
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cation, whereas FAPbBr3 becomes less stable with en loading. This behavior is attributed to the 

difference in the 3D cage size in the bromide and iodide perovskites. Configurational entropy, 

which arise from randomly distributed cation and anion vacancies, play a significant role in 

stabilizing these “hollow” perovskite structures despite small differences in their formation 

enthalpies. With the increased vacancy defect population, we have also examined halide ion 

migration in the FA-based “hollow” perovskites and found that the migration energy barriers 

become smaller with increasing en content.  
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1. INTRODUCTION 

Hybrid halide perovskites are promising semiconductors for the development of next 

generation photovoltaic technologies owing to their versatile structural nature and unique 

combination of optoelectronic and mechanical traits.1-4 The range of features include tunable 

energy band gaps, high absorption coefficients, high defect tolerance, long carrier diffusion 

lengths, low Young’s modulus and solution processability.5-9 Recently, a record PCE of 25.5% 

was achieved,10 which is comparable to current commercially available technologies based on 

GaAs, CdTe and Si.11-15 However, the poor environmental stability upon exposure to air, light and 

heat impairs the device performance and hence reduces the recorded PCEs, which hinders their 

commercialization.
16

 Hence, tremendous research efforts are devoted towards solving the 

instability issues by focusing either on optimizing the device assembly architecture and/or on 

developing new perovskite materials with enhanced environmental stability.17-21 

Halide perovskite materials exhibiting the three-dimensional (3D) perovskite structure 

have a general formula of ABX3 (A= MA, FA, and Cs; B = Pb, Sn, and Ge; X = Cl, Br, and I). 

This structure consists of corner sharing BX6 metal halide octahedra with A site counter cations 

occupying the cuboctahedral cages.22,23 The most exploited 3D halide perovskites are the pristine 

FAPbI3 and MAPbI3 as well as materials that are based on combinations of halides and mixed A 

site cations, such as (MAxFA1-x)Pb(IyBr3-y), which have proven to be the best choice for the 

assembly of highly efficient perovskite solar cells.24-27 The intrinsic stability of  hybrid halide 

perovskite depends on choice of the organic cation and their formation energies.1, 28-35       

Recently, we reported a new family of 3D-hybrid halide perovskites, which are highly 

defective yet crystalline, termed  “hollow” perovskites, with a general formula of (A)1–x(en)x(M)1–

0.7x(X)3–0.4x (A = MA, FA; M = Pb, Sn; X = Br, I; 0 < x ≤ 0.48).36-39 The incorporation of the large 
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ethylenediammonium (en) dication in the ABX3 structure deviates significantly from 

Goldschmidt’s tolerance factor rules,40 which appear essential for the stabilization of the 3D 

perovskites. Despite this, the perovskite structure accommodates en in the cuboctahedral cage by 

replacing the A cation and by a partial removal of B and X atoms from the ABX3 crystal structure. 

These newly assembled “hollow” perovskites conserve their isotropic 3D structure despite high 

defect densities. 36-39 The “hollow” strategy allows fine-tuning of the properties of the 

corresponding materials, including absorption and emission spectra as well as their electronic and 

ionic conductivities. In addition to these merits, hollowness bestows exceptional air stability to the 

synthesized materials. 

To shed light on the reasons behind the apparent high air stability of this unique class of 

perovskite semiconductors, in a previous study37 we performed DC polarization experiments and 

DFT calculations on the en/MAPbI3 system. The results showed an increase of the activation 

energy for iodide ion migration and higher relaxation times of the iodine gas/solid exchange with 

increasing amount of en in the “hollow” structure.37 Although these features provide information 

about the kinetic stability of the corresponding materials, there is no information on the 

thermodynamic stability so far.  

To elucidate the thermodynamic stability, in this work we performed extensive 

thermochemical studies, using room temperature solution calorimetry, to identify the 

thermodynamic properties of three different families of “hollow” perovskites, namely, 

%en/FAPbI3, %en/MAPbI3 and %en/FAPbBr3 where % means mole percent. Due to the intrinsic 

issue of defect-mediated ion migration, we also used ab initio simulation methods to examine 

trends in ion migration activation energies in these “hollow” perovskites at the atomic level. We 

identified the effect of en addition on the thermodynamic stability of these materials, as well as 
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the differences in the measured dissolution enthalpies and the calculated formation enthalpies 

between the iodide and bromide materials. We found that the FA-based bromide perovskites are 

more stable than their iodide perovskites. The metastable FAPbI3 gains stability on incorporation 

of the en cation, whereas the bromide system FAPbBr3 becomes less stable. This behavior is 

attributed to the difference in the 3D cage size in the bromide and iodide perovskite structures. 

Configurational entropy, which arises from randomly dispersed cation and anion vacancies, plays 

a significant role in stabilizing these “hollow” perovskite structures despite small difference in 

their formation enthalpies. 

2. RESULTS AND DISCUSSION 

2.1 Structural characterization 

Using previously established synthetic protocols (see SI), three different families of 

“hollow” perovskite single crystals were synthesized, namely the (FA)1–x(en)x(Pb)1–0.7x(I)3–0.4x 

iodide series with en loading x = 0.0, 0.10, 0.14, 0.26, 0.37, the (FA)1–x(en)x(Pb)1–0.7x(Br)3–0.4x 

bromide series with en amount x = 0.0, 0.07, 0.14, 0.23, 0.38, and the (MA)1–x(en)x(Pb)1–0.7x(I)3–

0.4x iodide series with en loading x = 0.0, 0.13, 0.25, 0.48. For simplicity, the following notation 

will be utilized throughout this work: %en/FAPbI3, %en/MAPbI3 and %en/FAPbBr3 to refer to 

(FA)1–x(en)x(Pb)1–0.7x(I)3–0.4x, (MA)1–x(en)x(Pb)1–0.7x(I)3–0.4x, (FA)1–x(en)x(Pb)1–0.7x(Br)3–0.4x, 

respectively.  A schematic crystal structure of the 3D “hollow” perovskites is shown in Figure 1. 

Powder X-ray diffraction (PXRD) studies validated the phase purity of the synthesized materials 

(Figures S1-7). Additional signature characteristics of the “hollow” materials is the unit cell 

expansion upon en inclusion, which is evident by the shift of the diffraction patterns to lower 2θ 

values, in addition to the structural phase transitions among the cubic (α phase) and tetragonal (β 

phase) perovskite phases (Figure 2, S3-5). It is clear that the %en/FAPbI3 (0 < en ≤ 14) compounds 
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are isostructural to cubic α-FAPbI3, (space group Pm3m) (Figure 2).38 There are additional 

diffraction peaks observed at 2θ = 22.3° and 26.4° for x ≥ 26%, that are characteristic of the 

formation of a pure tetragonal β-phase of FAPbI3, (space group P4/mbm). In contrast , the family 

of %en/MAPbI3 for en ≤ 13% is isostructural to the tetragonal β phase of ΜAPbI3 (space group 

I4/mcm), while for en ˃ 25%, the materials crystallize in the cubic α phase ΜAPbI3 (space group 

Pm3m)(Figure S3).30 Notably, all %enFAPbBr3 compounds are isostructural to the pristine cubic 

α-FAPbBr3 (space group Pm3m); there are no observed phase transitions with en loading for the 

bromide perovskites (Figure S6).39  

The presence of en molecular cations in the crystal structure and the corresponding en 

fraction for each composition were verified and determined by 1H-NMR spectroscopy (see SI). 

The dried crystals were dissolved in DMSO-d6 and the cations ratios were determined by 

integrating their NMR peak signatures. For en/MAPbI3 perovskites the quantification is based on 

both the methyl (-CH3, δ = 2.38 ppm) and the ammonium (-NH3
+, δ = 7.49 ppm) protons of the 

methylammonium cation versus the methylene (-CH2-, δ = 3.02 ppm) and the ammonium (-NH3
+, 

δ = 7.77 ppm) protons of the en cations. The integration of MA peaks reveals a ratio of 1:1, since 

there are three protons from the methyl group (-CH3) and three protons from the amine cation (-

NH3
+) (Figures S8-10). For en/FAPbI3 and en/FAPbBr3 perovskites the quantification was based 

on both the methine (=CH-, δ = 7.87 ppm) and the ammonium (-NH2
+, δ = 8.64 ppm, 9.00 ppm) 

protons of the FA cation versus the methylene (-CH2-, δ = 3.02 ppm) and the ammonium (-NH3
+, 

δ = 7.77 ppm) protons of the en cations. In FA, the integration of the proton peaks reveals a ratio 

of 2:2:1, since there is one proton from the methine group (=CH-) and four protons from the two 

amine cations (-NH2
+)(Figures S11-18). In en, the ratio of the 2 peaks is 4:6, arising from four (-

CH2-) protons and six ammonium (-NH3
+) protons, suggesting that en is doubly protonated. 
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2.2 Energetics of en incorporation from calorimetry measurements  

Room temperature solution calorimetry measurements were performed to investigate the 

energetic impact of en incorporation in %en/APbX3 (A = FA, MA; X = Cl, Br) “hollow” 

perovskites and its impact on the dissolution enthalpies (ΔHds) and formation enthalpy (ΔH°f) 

values (for detailed description of the calorimetry measurements, see SI). The thermochemical 

cycle used to calculate the ΔH°f is given in Table 1. The measured ΔHds and the resulting ΔH°f 

from binary halide components are listed in Table S1. The variation of ΔH°f and ΔHds of the 

“hollow” perovskites as a function of enX2 (X = I, Br) are plotted in Figure 3 and Figure S19, 

respectively. The ΔHds energies as a function of %en follow linear trends for both %en/FAPbI3, 

and %en/FAPbBr3 “hollow” perovskites (Figure S19). However, the values become less 

exothermic with the increase of en content in the perovskite structure. The ΔHds values for 

%en/FAPbI3 are more exothermic varying from  ̶ 78.92 ± 0.42 to  ̶ 73.37 ± 0.45 kJ/mol compared 

to %en/FAPbBr3 perovskites, which vary from  ̶ 54.57 ± 0.33 to  ̶ 51.31 ± 0.39 kJ/mol (Table S1, 

and Figure S19). Consequently, the formation enthalpies, ΔH°f, of %en/FAPbBr3 perovskites are 

more exothermic compared to %en/FAPbI3 upon incorporation of en, as shown in Table S1, and 

Figure 3. ΔHds and ΔH°f indicates that the %en/FAPbBr3 perovskites are energetically more stable 

than %en/FAPbI3. These results are commensurate with the literature reports on hybrid halide 

perovskites, confirming the increase in the thermodynamic instability with larger halide anions.1 

The values of ΔH°f in Table S1 show that the incorporation of en results in more stable 

%en/FAPbI3 compared to metastable pristine FAPbI3, whereas, the %en/FAPbBr3 systems become 

less stable than pristine FAPbBr3.
 36-39 To obviate any possible solvent-precursor and precursor-

precursor interactions in the DMSO solvent that could have an impact on the ΔHds and ΔH°f values 

mechanical mixtures of binary components were investigated (see SI, Table S2, S3).  
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This difference in the stability trends between %en/FAPbI3 and %en/FAPbBr3 systems 

upon incorporation of en can be attributed to the different sizes of the halide ions (I and Br) and 

hence the 3D cage formed by PbX6 framework in the perovskite structures. In %en/FAPbI3, the 

3D cage is larger and can easily accommodate the en dication molecules, compared to the cage in 

the %en/FAPbBr3, and the structure endures a local strain upon incorporation of en in place of FA 

cations. The increase of en content produces an increase in the strain and hence raises the internal 

energy of the perovskite structure, which consequently causes %en/FAPbBr3 to become less stable 

with increasing en content. Consequently, ΔH°f of the bromide perovskites between 0%en to 

38%en become less exothermic, with energies varying from  ̶ 5.60 ± 0.55 kJ/mol to  ̶ 1.57 ± 0.50 

kJ/mol. Meanwhile, ΔH°f of the iodide perovskites between 0%en to 38%en become more 

exothermic, as the energies vary from 1.99 ± 0.65 kJ/mol to  ̶ 1.37 ± 0.74 kJ/mol.   

To further complement our findings, we have used density functional theory (DFT) 

methods to compute the formation energies (Ef) of the %en/APbX3 perovskites relative to their 

pristine materials (without en) for en concentrations of 6.25% and 37.5% (details of the 

calculations at zero K are provided in the SI). The formation energies of the %en/FAPbI3 systems 

are 1.03 kJ/mol and 2.59 kJ/mol higher than that of the pristine FAPbI3 for 6.25% and 37.5% en 

content, respectively. In the case of %en/FAPbBr3 perovskites, the formation energies are 2.02 

kJ/mol and 5.00 kJ/mol higher than their pristine FAPbBr3 for en concentrations of 6.25% and 

37.5%, respectively. Overall, for the FA-based “hollow” perovskites, our calculated formation 

energies are in a good agreement with the experimental formation enthalpies. In the case of 

%en/FAPbBr3, the closest experimental en concentrations to the computational en values are 7% 

and 38% en. The difference in the formation enthalpies of the latter concentrations relative to their 

pristine FAPbBr3 (0%en) are 0.51 kJ/mol and 4.03 kJ/mol (Table S1), which agree with our 
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computed values for the 6.25 and 37.5% concentrations within the experimental errors. These 

results show that the energetic stability for the %en/FAPbBr3 systems become less exothermic 

with increase of en content. For %en/FAPbI3 perovskites, the closest corresponding experimental 

compounds to our modeled systems are 10% and 37%en, their formation enthalpies differ by 1.35 

kJ/mol and 3.56 kJ/mol compared to the pristine FAPbI3. These values are also consistent with the 

computed formation energy differences of the corresponding systems 6.25% and 37.5%en within 

the experimental error.  

The %en/MAPbI3 perovskites do not follow any discernible trend in the ΔHds and ΔH°f for 

different en concentrations. The dissolution enthalpies are about ~ ̶ 73 kJ/mol and the 

corresponding formation enthalpies are around ~1 kJ/mol, as shown in Table S1. It should be 

noted that although the differences in ΔHds and ΔH°f are small in magnitude, ranging from +2 to 

 ̶ 6 kJ/mol, among %en/FAPbX3 perovskites, they still follow a linear trend.  Thermodynamic 

stability comes from the combination of enthalpy and entropy factors. Energetics arise from 

factors like size difference, orientation mismatch, linker topology, and electronic effects.  These 

factors cannot be separated based on thermochemistry, as all contribute  to the measured 

enthalpies. Opposing competing factors  can cancel each other. Considering the observation that 

ΔH°f maydoes not depend strongly on en incorporation in the hollow perovskites 

(%en/(FA/MA)PbX3), the entropy and kinetic stability may  play key roles, as we have shown 

in the previous study on ion migration of iodide anions in the hollow MAPbI3 structures.37  

The computed formation energies of the %enMAPbI3 systems relative to their pristine 

MAPbI3 are 1.15 and 2.36 kJ/mol higher for the 6.25% and 37.5% en contents, which are also 

comparable to the corresponding experimental formation enthalpies. The small variations of the 

formation enthalpies and the calculated formation energies of %enMAPbI3 perovskites indicate 
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that the stability of MAPbI3 is not significantly affected when en is incorporated. The difference 

in the “exothermicity” trends between %enMAPbI3 and %enFAPbI3 perovskites could be 

explained by the size difference of MA and FA cations in addition to the tetragonal and cubic 

systems in which they crystallize at room temperature. Essentially, the hosting 3D cage of the A-

site cation is larger for FA than MA. Moreover, the tetragonal system has one stretched and two 

shortened lattice constants compared to the cubic phase. This means that when MA is substituted 

by en, the latter will likely to accommodate itself along the elongated direction and will experience 

a compressive strain along the two shortened directions. This induced strain causes an increase in 

the internal energy of the system and hence results in less exothermic %enMAPbI3 compounds 

compared to %enFAPbI3 counterparts. 

Entropy plays a significant role in stabilizing these “hollow” perovskites. Configurational 

entropy arises from randomly dispersed cation and anion vacancies creating hollowness in the 3D 

“hollow” perovskites. Assuming a random mixing of FA/MA and en cations in the A site, Pb atoms 

and vacancies in the B site, halide anions and the vacancies in the X site, we calculated the 

configurational entropy (Sconf) contributions from published metal occupancies in these sites (see 

SI).38,39 Disorder, or hollowness increases with increasing en amounts in the perovskite structure 

and so does the Sconf. It is zero for the pristine systems (i.e. 0%en), and increases linearly with en 

content to 11.87 J/mol/K for 37%en/FAPbI3, to 12.00 J/mol/K for 38%en/FAPbBr3, and to 13.04 

J/mol/K for 48%en/MAPbI3 (Table S1). The ability to stabilize the perovskite compounds with 

this level of configurational disorder offers new avenues for designing entropy-stabilized 

perovskite structures. Configurational entropy arising from disordered cation and anion 

distributions results in a remarkable stabilization of otherwise energetically  metastable mixed 

metal halide perovskites. Multiple halide ions (I, Br, and Cl) in the X site and/or cations ( MA, FA, 



11 
 

GA, and Cs) in the A site of the ABX3 perovskite structure may generate new and more stable  

perovskites with unique physicochemical properties.41-44  In addition, the role of vibrational 

entropy needs to be better understood to give a  more complete picture of entropy contributions in 

these “hollow” perovskites, but it is beyond the scope of this paper. 

In making the “hollow” perovskites, just enough hollowness is created to form a marginally 

stable material, thus making its formation possible. The inclusion of en and exclusion of Pb and X 

from the perovskite structure involve bond breaking and bond making processes. The energy lost 

during exclusion of Pb and X which involves a bond breaking process is compensated by the 

inclusion of en, which involves the formation of new hydrogen bonds with en.  Thus, balancing of 

the total energy could be the driving the formation of “hollow” perovskites.  

2.3 Computed energetics of ion migration in “hollow” perovskites  

In addition to thermodynamic stability, ion migration mediated by anion vacancy defects 

may be an inherent stability issue in “hollow” perovskites, and hence it is important to understand 

such transport properties especially at the atomic level. We have previously shown that the 

activation energies of migrating iodide vacancies increase with en content in “hollow” 

%en/MAPbI3 perovskites.37 In this study, we have also calculated the activation energies for halide 

(I, Br) ion migration of the corresponding %en/FAPbX3 compounds. As in our previous study, we 

have simulated two en contents of 6.25% and 37.5% for comparison (Computational methods are 

provided in the SI, which have been applied successfully to studies of ion migration and A-cation 

effects in other perovskite halides.37,45-48.  

First, the simulations of the “hollow” perovskite structures support the structural 

characterization in which the divalent en cation substitutes the A-cation (MA, FA) and a Pb2+ ion, 
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with charge-compensation by anion vacancies. Such defect chemistry would support anion 

vacancy-mediated ion migration. We have considered four migration pathways within the same 

PbX6 octahedron. These pathways share the same initial anion vacancy, VI or VBr, and are 

designated as VI→V1 and VI→V2 along the equatorial direction and as VI→V3 and VI→V4 

along the apical direction, as shown in Figure 4. Although we recognize that other paths are 

possible, the numerous paths examined near the en cation provides valuable trends in activation 

energies, which is the main focus here. The activation energies for each path are given in Table 

S4.  

For long-range ion migration, we discuss the overall mean values of the activation energies 

for each concentration in the %en/FAPbX3 perovskites. For the migration pathways in 6.25% en, 

the mean activation energies are 0.48 eV (46.31 kJ/mol) and 0.36 eV (34.74 kJ/mol) for 

%en/FAPbI3 and %en/FAPbBr3, respectively. The values for the higher en content of 37.5% are 

0.38 eV (36.66 kJ/mol) and 0.26 eV (25.09 kJ/mol) for %en/FAPbI3 and %en/FAPbBr3, 

respectively. These results show that the activation energy barriers in %en/FAPbBr3 are smaller 

than those in %en/FAPbI3. This could be explained by the difference in I/Br ion size and shorter 

Pb-Br bond-lengths and hence shorter migration paths in the bromide systems compared to the 

iodide counterparts. We note that this small difference in the migration energy barriers between 

%en/FAPbI3 and %en/FAPbBr3 perovskites may be one of the possible factors related to less 

exothermic %en/FAPbBr3 compared to %en/FAPbI3 with increasing en content, as discussed 

above. Interestingly, unlike %en/MAPbI3 perovskites, the activation energies in %en/FAPbX3 

decrease with increasing en content from 6.25 to 37.5%, irrespective of the halide anion. While in 

%en/MAPbI3 the mean activation energy increases from 0.56 eV (54.03 kJ/mol) at 6.25% en to 

0.69 eV (92.63 kJ/mol) at 37.5% en.37  
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From analysis of the simulated structures, we did not find any clear differences in the 

inherent perovskite framework and lattice distortion between MA- and FA-based systems that 

could explain the different trends in the activation energies. Nevertheless, we anticipate that this 

behavior could be attributed to other factors, such as the differences in the cage dynamics and 

dipole moments of MA (2.29 Debye49 ) and FA (0.21 Debye49 ) cations, which could influence the 

scattering of the mobile halide anions and warrants future investigations.  

3. CONCLUSIONS 

 In summary, we have combined NMR and calorimetry measurements with DFT 

simulations to provide a fundamental understanding of the energetic stabilization of the “hollow” 

perovskites and atomistic simulation insights into the underlying ion transport in these systems, 

which show a strong dependence on the en content. From a thermodynamic point of view, FA-

based “hollow” bromide perovskites are more stable compared to iodide perovskites. The least 

stable FAPbI3 system gains stability upon en incorporation, whereas FAPbBr3 becomes less stable. 

This behavior is attributed to different cage size in the bromide and iodide compounds. We find 

the difference in the formation enthalpy to be small, and hence it is apparent that the role of 

configurational entropy should be considered as a key stabilizing factor in these “hollow” 

perovskite structures. From ab initio calculations of ion migration, the FA “hollow” perovskites 

showed a decrease in the activation energies of the migrating halide species with increasing en 

concentration. This finding contrasts with the trend found from conductivity measurements and 

simulations on MAPbI3 based “hollow” perovskites, in which the migration activation energies 

increase with en content.  
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FIGURES AND TABLES 

Table 1. Thermochemical cycle to calculate the formation enthalpies of the                               

(A)1–x(en)x(Pb)1–0.7x(X)3–0.4x “hollow” perovskites. 

(A)1–x(en)x(Pb)1–0.7x(X)3–0.4x (s) → 1-x(AX)(sln) +x(enX2) (sln) + 1-0.7x(PbX2) (sln)               ΔH1 = ΔHds (A)1–x(en)x(Pb)1–0.7x(X)3–0.4x 

AX (s) → AX (sln)                                                                                                                                                                          ΔH2 = ΔHds (AX) 

enX2 (s) → enX2(sln)                                                                                                                                                                     ΔH3 = ΔHds (enX2) 

PbX2 (s) → PbX2(sln)                                                                                                                                                                    ΔH4 = ΔHds (PbX2) 

(1-x)(AX)(s) + x(enX2) (s) + (1-0.7x)(PbX2) (s)  → (A)1–x(en)x(Pb)1–0.7x(X)3–0.4x (s)                      ΔH5 = ΔH°
f  (A)1–x(en)x(Pb)1–0.7x(X)3–0.4x 

ΔH5 = -ΔH1+(1-x) ΔH2 +xΔH3+(1-0.7x) ΔH4 

 

 

Figure 1. Hypothetical crystal structures of the 3D “hollow” A) en/MAPbI3, B) en/FAPbI3, and 

C) en/FAPbBr3 perovskites. 
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Figure 2. PXRD patterns of (FA)1–x(en)x(Pb)1–0.7x(I)3–0.4x perovskites with increasing amounts of 

en dication. The resulting materials for x values up to 14% are isostructural to the pristine α-phase 

FAPbI3, while the rest of the hollow material for x values above 26% are isostructural to the pristine 

β-phase FAPbI3.The additional diffraction peaks at 2θ = 22.3° and 26.4° are characteristic peaks 

of the pure β-phase FAPbI3. 
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Figure 3. Formation enthalpy (ΔH°f) as a function of mol % enX2 for the A) (MA)1–x(en)x(Pb)1–

0.7x(I)3–0.4x, B) (FA)1–x(en)x(Pb)1–0.7x(I)3–0.4x, and C) (FA)1–x(en)x(Pb)1–0.7x(Br)3–0.4x “hollow” 

perovskites.  
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.  

Figure 4. Simulated crystal structures of %enFAPbX3 and ion migration paths for en content of 

A) 6.25% and B) 37.5%.  X (= I, Br) Anion migration pathways are indicated by the arrows 

between the initial X halide vacancy position VI (red) and the final nonequivalent halide vacancy 

positions (yellow marked as V1, V2, V3, and V4). 

 


