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ABSTRACT

Low-dimensional hybrid organic–inorganic metal halide perovskites are rapidly emerging as a fascinating sub-class of the three-dimensional
parent structures, thanks to their appealing charge and thermal transport properties, paired to better chemical and thermal stabilities.
Extensive investigations of the thermal behavior in these systems are of paramount relevance to understand their optoelectronic and thermo-
electric applications. Herein, we present a complete thermophysical characterization of imidazolium lead iodide, (IMI)PbI3, a 1D pseudo-
perovskite with chains of face-sharing octahedra, and histammonium lead iodide, (HIST)PbI4, a 2D layered perovskite with corner-sharing
octahedra. Upon heating, the two compounds show highly anisotropic thermal expansion effects and high thermal stability until 250–300 �C.
The thermal diffusivity of pelletized powders was measured with the laser flash technique from room temperature up to 225 �C. To account
for the reduced density of the pelletized powders with respect to the bulk, the diffusivity data in different atmospheres were modeled as a
function of the volume fraction and dimensionality of the pores, allowing to extrapolate the thermal conductivity of the bulk materials. The
two compounds exhibit an ultralow thermal conductivity of 0.15W/mK, two to three times lower than that reported on 3D MAPbI3 using
the same technique. This finding suggests the primary role of the organic molecules within the hybrid systems, regardless of the octahedra
connectivity and dimensionality.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061204

The thermal and electrical transport properties of hybrid lead
halide perovskites with low dimensionality were not reported until
very recently.1–5 The interest for these compounds is rapidly blooming
since they often display very favorable chemical stability to air and
moisture, if compared to the prototypical (MA)PbI3 or (FA)PbI3 spe-
cies, thus representing a promising route to achieve air-stable electrical
conductors with low thermal conductivity. In this context, the use of
the “perovskite” term for “low-dimensional” materials not showing
the extended 3D network of corner-sharing octahedra—and often dis-
playing a different kind of connectivity of the inorganic scaffold—is
currently under debate.6 For the sake of clarity, herein, we apply the
term perovskite to indicate halometalates, where a sub-network of
corner-sharing octahedra (2D layers or 1D chains) is present, whereas

the term pseudo-perovskite is used for those compounds based on
edge- or face-sharing octahedra (2D, 1D) sub-networks or even for 0D
moieties.

Recently, lower-dimensional (pseudo-)perovskites have been
inserted in 2D/3D and 1D/3D heterostructures for photovoltaic devices,
showing improved performances.7–9 Ultralow thermal conductivities of
2D metal halide perovskites with various ammonium-based organic cat-
ions were measured (by time domain thermoreflectance) in the
0.10–0.19W/mK range and mainly attributed to the relative orientation
of the organic chains between the inorganic layers without any influence
of their thicknesses. These values are up to five times lower than in the
3D (MA)PbI3 counterpart. In this regard, a more comprehensive evalu-
ation of the thermal properties, which include conductivity, phase
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stability, and thermal strain, would greatly foster advances in the field of
low-dimensional perovskites and pseudo-perovskites, since they are crit-
ical in assembling well-designed devices with a long lifespan.10

Moreover, the low-dimensionality criterion can lead to the design of
new thermoelectric materials.11

Aromatic heterocycles like simple or substituted imidazoles read-
ily form hybrid halide perovskites through precipitation from hot
acidic aqueous solutions containing the PbX2 precursor (X ¼ I, Br).
The presence of substituents on the imidazole ring and the charge of
the resulting cation eventually determine the dimensionality of the
perovskite: (IMI)PbI3, based on the monovalent imidazolium cation,
has a 1D structure with chains of face-sharing PbI6 octahedra (Fig. 1)
with heterocyclic ring axis perpendicular to the haloplumbate chains.
Due to the presence of an additional basic side chain on the imidazole
ring, a divalent cation is formed by complete protonation of histamine.
In (HIST)PbI4, histammonium lies flat between perovskite monolayers
of corner-sharing PbI6 octahedra (Fig. 1), leading to a 2D structure.
The two systems under study differ mainly on the dimensionality and
connectivity of the haloplumbate sub-networks, and also in the size
and shape of the organic cations, both based on five-membered het-
erocyclic rings. Thus, they are chemically, but not structurally, related.

Both these materials have recently shown interesting functional
properties. (IMI)PbI3 incorporation in (CH3NH3)PbI3 thin films
improved the morphology, stability, and performance of the 1D/3D
heterostructure.12 (HIST)PbI4 thin films displayed a perpendicular,
rather than parallel, layer orientation with respect to the substrate, a
geometrical arrangement, which is more favorable for improving the
performances of solar cells.13 An appraisal of the thermal properties of
the two compounds is of great relevance for applications in photovol-
taics (here, phase/thermal stability and thermal stress under illumina-
tion are highly critical issues), or in the thermoelectric field, where a
very low thermal conductivity is a must.

The thermal diffusivity of hybrid perovskite materials is usually
measured using time-domain thermoreflectance at room temperature
on single crystal specimens. Even if this technique recently evolved to
permit in-plane thermal diffusivity measurements, it is generally used
for through-plane analysis.1,4 Together with the intrinsic anisotropy of
low-dimensional structures, this provides only a limited insight on
thermal conductivity, especially for applications that require higher
temperatures. Recently, laser flash analysis (LFA) was also employed
to characterize the thermal diffusivity of polycrystalline samples of
(CH3NH3)PbI3.

5

In this Letter, we present an extensive study of the thermal prop-
erties (conductivity, phase stability, and thermal-induced strain) of
(IMI)PbI3 and (HIST)PbI4 powders, both species displaying extremely
low thermal conductivity values. In order to prevent possible degrada-
tion or polymorphic phase changes induced by heating above 250 �C,
samples were pelletized at room temperature. The subsequent applica-
tion of LFA, a consolidated and versatile technique, is the first example
on samples compacted at room temperature. Through the LFA mea-
surements in different atmospheres, we discuss the application of two
microstructural models accounting for the residual, and unavoidable,
contribution of pores still present in the compacted pellets to the ther-
mal conductivity.

The phase stability (up to 300 �C) and thermal-induced lattice
strains are investigated by thermogravimetric and thermodiffractomet-
ric measurements, complementing the thermal diffusivity data.

(IMI)PbI3 and (HIST)PbI4 powders were synthesized from a hot
aqueous HI solution containing lead oxide and imidazole or histamine,
leading to the immediate precipitation of fine yellow and orange pow-
ders for (IMI)PbI3 and (HIST)PbI4, respectively. XRD confirmed the
phase purity according to the published structures13,14 (Fig. S1).

The decomposition temperature, estimated by thermogravimetry
(Fig. S2), was taken as a reference for further measurements: samples
show substantial phase stability up to 250 �C (for (IMI)PbI3) or 300 �C
(for (HIST)PbI4). This stability is comparable to 3D perovskites, as
(MA)PbI3 measured in similar conditions decomposes around 250 �C
(Fig. S2c).

Variable-temperature x-ray diffraction (VT-XRD) provides a
clear picture of the crystal phases [Figs. 2(a), 2(c), and S3] and lattice
parameters’ [Figs. 2(b) and 2(d)] evolution upon raising the tempera-
ture, well before thermal decomposition. For (IMI)PbI3, the hexagonal
crystal structure remains stable up to decomposition [Fig. 2(a), dashed
horizontal line]; for (HIST)PbI4, a progressive change associated with
thermal expansion is visible in Fig. 2(c), followed by the merging of
several couples of peaks, in line with a second-order phase transition
(where a new state of increased symmetry develops continuously from
the ordered low temperature phase), leading to an orthorhombic
polymorph of Cmcm symmetry. Finally, a high-temperature (still
unidentified) crystal phase suddenly appears above 275 �C.

For both materials under study, refinement of cell parameters at
different temperatures allowed the anisotropic thermal expansion coeffi-
cients to be derived (Table I), using their relative variations, Dp/p0, with
p¼ a, b, c, and b, and p0 being the reference value at room temperature.
The Dp/p0 values are reported in Figs. 2(b) and 2(c) as a function of the
temperature, and the visualization of the thermal strain tensors is shown
in Fig. S4.

In (IMI)PbI3 (hexagonal symmetry), the c axis remains almost
constant. As expected from its 1D structural motif, the haloplumbate

FIG. 1. (IMI)PbI3 (left) and (HIST)PbI4 (right): sketch of the connectivity of the PbI6
octahedra (top) and representative particle shapes from SEM imaging (bottom).
Scale bar¼ 50lm. For the sake of clarity, organic cations are omitted from the
sketches.
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chains within (IMI)PbI3, stretching out in the c direction, are only mar-
ginally changed (and actually shrink) upon mild heating, in line with
what already found in other 1D perovskites.15 Two different thermal
expansion coefficient regimes, within the same crystal phase and with
markedly different slopes, are then identified in (IMI)PbI3, below and
above 120 �C. These are attributed to the progressive increase in the
vibrational freedom (including ring libration), until additional high-
energy modes (likely, wheel-like rotations of the imidazolium cation) are

activated. This interpretation is in line with the observed behavior of bis-
carboxylate imidazolium salts, where progressively increasing libration
amplitudes (near the kHz regime), up to heavy orientational disordering
above 100 �C, were detected by several complementary experimental
techniques (e.g., NMR, impedance spectroscopy, and variable-
temperature single-crystal x-ray crystallography).16 In (IMI)PbI3, where
no strong directional H-bonds between the imidazolium ring and the
iodine atoms of the 1D framework are at work [the shortest NH…I con-
tact being 3.95(6) Å at 150K (Ref. 14)], the onset of these motions within
the solid is expected to be further favored.

For (HIST)PbI4, below 225 �C, two thermal expansion coefficient
ranges are identified [see Fig. 2(d)]: a linear regime is evidenced only
below 100 �C with more complex and correlated changes of the cell
axes being observed above this temperature up to the clear transition
providing a markedly distinct (still uninterpreted) XRD pattern.

For both samples, the thermal expansion coefficients determined
from the low temperature regimes (from 25 to 125 �C) are summa-
rized in Table I. Since the porosity of our materials, as discussed below,
refers uniquely to the presence of voids between amassed crystallites
(as per the SEM images of Fig. 1), and not to intrinsic crystal structure
porosity (as in the case of zeolites, MOFs and COFs), the occasional
presence of molecular absorbates contaminating the samples cannot

FIG. 2. VT-XRD plots for (IMI)PbI3 (a) and (HIST)PbI4 (c), highlighting the relative changes of the peak positions, their merging, and the formation of PbI2 (a) or of a still
unknown crystal phase (c) at high temperatures; in (b) and (d): relative variations of the cell parameters of (IMI)PbI3 (b) and (HIST)PbI4 (d) as a function of temperature
increase with respect to room temperature. Linear regimes up to 125 �C are shown, the slope of which corresponds to the linear (or volumetric) thermal expansion coefficients.
The countercorrelated a and c variations in the high-temperature regime [panel (d)] are likely attributed to numerical instability of the refinement, as the primitive monoclinic
metrics approach the C-centered orthorhombic one (see the supplementary material).

TABLE I. Linear and volumetric thermal expansion coefficients derived from VT-XRD
data collected in the 25–125 �C range. Here, ap is derived from the linear regression
of Dp/p0 vs DT, as in Dp/p0 ¼ ap DT.

(IMI)PbI3 (HIST)PbI4
Parameter a (10–6 K�1) a (10–6 K�1)

a 145 50
b 145 90
c �14 79
b 0 �39
V 277 121
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have a direct structural effect. Therefore, the observed cell parameter
changes are the clear manifestation of the stiffness/compliance of the
interatomic contacts within (tiny) dense crystalline monoliths.

From the cell volume variations between 25 and 225 �C, the rela-
tive changes in density are �0.043 for (IMI)PbI3 and �0.027 for
(HIST)PbI4, respectively. On the other hand, neglecting the thermal
expansion results in an underestimation at higher temperatures of the
measured thermal diffusivity (by laser flash analysis) that is propor-
tional to the square of the linear expansion. For the reasons above,
thermal expansion was neglected in the following.

Thermal diffusivity measurements, when carried out in vacuum
or in He and Ar atmospheres (Fig. 3), resulted in extremely low values,
down to 0.04 and 0.07W/mK, which are a tell-tale sign of a systematic
underestimation. Such an effect can be ascribed to porosity, as the
thermal conductivity of the gas employed during measurements can,
indeed, affect the correct estimate of thermal diffusivity. The underes-
timation is particularly significant when the solid material and the
pores possess “comparable” thermal conductivity values, as in the pre-
sent case: indeed, the extremely low thermal conductivity shown by
hybrid perovskites 17 does not usually differ by more than one order of
magnitude from that of air.

Measurements were then carried out in He and Ar atmosphere
to assess the role of the porosity. The significant difference in thermal
conductivity acquired in different atmospheres indicates that a sub-
stantial fraction of the porosity is effective (or open) porosity. The vari-
ation of the measured thermal diffusivity as a function of the
atmosphere also allows us to validate different geometrical models of
porosity, leading to a self-consistent microstructural model that fits all
the various diffusivity values in different environments. Thermal
conductivity data of (IMI)PbI3 and (HIST)PbI4 samples measured in
vacuum, He, and Ar atmosphere at room temperature are reported in
Fig. 3. Measurements in Ar were also carried out as a function of

temperature up to 225 �C, resulting in a nearly constant value of
0.12W/mK for (IMI)PbI3 and 0.11W/mK for (HIST)PbI4.

The microscopy images of the pressed samples (Figs. S5
and S6) revealed dispersed pores in an apparently continuous
material matrix. This microstructure is usually referred to as asym-
metric configuration.18

Considering the porosity as a second phase, the thermal conduc-
tivity kc of the composite is expressed by the matrix (kM) and pores
(kg) thermal conductivities by the Maxwell–Garnet model,19 which
considers randomly oriented dispersed ellipsoid pores

kc ¼ kM
Lkg þ 1� Lð ÞkM þ f 1� Lð Þ kg � kM

� �
Lkg þ 1� Lð ÞkM � fL kg � kM

� � ; (1)

where f is the volumetric fraction of pores and L is the depolarization
factor of the ellipsoids in the direction of heat flow20 with values
between 0 and 1 depending on the ellipsoid shape.

Under the hypothesis that most of the porosity is open, Eq. (1)
holds for all atmospheres with the same value for L (which only depends
on the geometry) and kM of the material. From the relative density of
samples, the volumetric fraction of pores, f, is 0.146 for (HIST)PbI4
and 0.107 for (IMI)PbI3. Solving Eq. (1) for kM for the two atmospheres
and imposing the identity of the two expressions for kM lead to

k HISTð ÞPbI4
M ¼ 0:1660:01W=mK and k IMIð ÞPbI3

M ¼ 0:1660:01W=mK.
Also, the calculated conductivity values for the dense materials are, thus,
equivalent. Self-consistent solutions for Eq. (1) lead to values of L that
are compatible with oblate spheroids for (HIST)PbI4 and (IMI)PbI3:
L¼0.80 and L¼0.78, respectively. This finding agrees with the mor-
phology of the starting powders, mainly composed of lamellar-shaped
grains, more pronounced in the case of (HIST)PbI4 (see Fig. 1), and the
uniaxial pressing used to produce the measured pellets. The above
model can be further refined to take into account the possible preferen-
tial orientation of these oblate spheroids21

1� f ¼ kM
kc

� �1 kg � kc
kg � kM

kc þ ckg
kM þ ckg

 !g

; (2)

where the parameters 1, c; and g depend on the shape factor of the
spheroids, F, and their symmetry, a. (Their complete explanation is
provided in the supplementary material.) The image analysis of the
pores shape and orientation (not reported) results in a large distribu-
tion of a around about 0�, at least for the (HIST)PbI4 sample. While
Eq. (2) cannot be solved directly, a numerical method was used to
obtain kM as a function of F with the assumption that a¼ 0�. The
curves of numerical solutions for Ar and He are reported in Fig. S7 for
both (IMI)PbI3 and (HIST)PbI4.

Eventually, from this model, it is possible to extrapolate the ther-
mal conductivity value for the fully dense bulk sample: the kM and F
values that verify Eq. (2) at the same time for the He and Ar measure-
ments correspond to the thermal conductivity of the sample in the
full-dense limit. Thermal conductivity of the composite as a function
of the porosity fraction as obtained from Eqs. (1) and (2) (a numerical
solution) is reported in Fig. 4. Markers indicate experimental values of
porous materials, whereas the y-intercepts represent the thermal con-
ductivity of the matrix, kM , i.e., without the porosity effect.

The values estimated for kM are remarkably the same (within
errors) as what obtained with the previous model [Eq. (1)], and the

FIG. 3. Thermal conductivity of (IMI)PbI3 and (HIST)PbI4 measured in the
25–225 �C temperature range under Ar (�), and at 25� C under He (�), or in vac-
uum ((). The calculated room-temperature conductivity values for the bulk materi-
als (�) are also reported. RT values with different atmospheres are reported in the
supplementary material. Error bars represent 7% measurement error.
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shape factor F is around 0.12 for both materials, confirming the shape
of the pores obtained previously.21

The extrapolated bulk limit values for the thermal conductivity
obtained with the procedure outlined above are 0.166 0.01 W/mK
for both samples, therefore, comparable to those reported very
recently for two-dimensional lead iodide hybrid perovskite thin
films22 and single crystals.1 Indeed, while bulk 3D lead halide per-
ovskites possess thermal conductivities as low as 0.35W/mK
(with larger values measured for the Csþ-containing species than
for methylammonium), the presence of iodides and the low
dimensionality of pseudo-perovskites foster an additional lower-
ing, down to the 0.10W/mK regime.23 It should be noted, how-
ever, that, in the case of linear alkylammonium chains separating
the lead iodide layers, the chain length has a very marginal impact
on thermal conductivity, while the relative orientation of the crys-
tal domain (and then of the chains themselves) was found to be
very important for reducing the thermal transport.

Significant differences were reported out of macroscopic investi-
gations for the heat transfer obtained between powder and bulk (i.e.,
full density) samples, generically attributed to the presence of defects
in the powder particles. In this work, we determined bulk values by
extrapolating the heat transfer properties at different porosity values,
which should make them comparable to the ultralow thermal conduc-
tivity of single-crystal specimens. The peculiar thermal properties of
these materials, that is, their notoriously low thermal conductivities
and high thermal expansion coefficients, suggest that proper thermal
management in devices will be important to overcoming some current
limitations.

In the present case, the thermal transport properties are essen-
tially determined by the nature of the heterocycle cations between
chains, regardless of the perovskite framework connectivity and
dimensionality and can eventually be traced back to the dynamic dis-
ordering effects of the cations, increasing (at least locally) the “average”
point group symmetry. Indeed, experimental11,24 and theoretical25

reports on (MA)PbI3 have already focused on the orientational

disorder of the cations, to which the ultralow thermal conductivity
is attributed. While a more detailed comparative analysis of this
rapidly growing field has been reviewed very recently,17 suffice
here to say, that similar interpretations (based on the cation
dynamics) have been reported for 2D 22 systems, suggesting the
active nature of rattling moieties hosted in the inter-haloplumbate
voids. In this respect, the evaluation of thermal conductivity mech-
anisms from first principles (ab initio or with empirical molecular
dynamics), or through ancillary experimental evidence (e.g., vari-
able temperature NMR or neutron scattering studies) may further
help in rationalizing the relations between the structure and prop-
erties in such diverse compounds.26,27

The ultralow thermal conductivity of these compounds is attrib-
uted to efficient phonon scattering by the highly mobile organic cati-
ons, the structure, and dynamics of which confirm earlier studies on
disordered materials to be possibly used in the thermoelectric
field.17,28,29 However, these phonon scatterers adversely reduce electri-
cal conductivity as well. Therefore, the work can be anticipated in the
direction of preparing composites of crystalline organic semiconduc-
tors, in which (IMI)PbI3 and (HIST)PbI4 particles are dispersed and
act as phonon scatterers, while maintaining the high electronic con-
ductivity of the host matrix. Indeed, such a strategy has been already
proposed with a number of fully organic or inorganic fillers (carbon
nanotubes, nanosized metal tellurides),30,31 but not yet with low-
dimensional hybrid pseudo-perovskite halometalates.

See the supplementary material for the detailed description of
syntheses and characterization methods, thermogravimetric and
VT-XRD data, thermal expansion tensors, and numerical solutions
of Eq. (2).
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