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ABSTRACT: Although perovskite-structured materials have primarily been widely employed in solar cell applications, limited
studies have been conducted in the field of electrorheology (ER). In this study, various halide perovskite materials, including
FAPDbBr;, FAPbI;, MAPbBr;, MAPbI;, CsPbBr;, and CsPbl; were synthesized for the first time to evaluate their applicability in ER
for the first time. Initially, the morphological and chemical properties of these materials were characterized to confirm the successful
formation of the perovskite structures. In addition, the as-synthesized halide perovskite materials were dispersed in silicone oil (3.0
wt %) to evaluate their suitability as dispersants in ER fluids. Among these, the CsPbl;-based ER fluid exhibited the optimal
dielectric properties and the greatest dispersion stability of the various systems examined. In ER applications, the CsPbl;-based ER
fluid demonstrated the highest ER performance, achieving a shear stress of 99.4 Pa, owing to the synergistic effects of its intrinsic
rod-like structure and dielectric properties, which promoted polarization. The aspect ratios of the CsPbl; rods were further
controlled by modifying the synthetic process, resulting in the generation of both shorter and longer rods. Notably, ER fluids based
on CsPbl; synthesized via a hydrothermal method yielded rod-like structures with a high aspect ratio of 20, leading to an enhanced
ER activity of 128.0 Pa. These results highlight the potential of halide perovskite materials for use in ER applications.

B INTRODUCTION

Electrorheological (ER) fluids consist of highly dielectric
materials dispersed in nonconductive media, including silicone
or mineral oil." ER fluids have attracted considerable attention
due to their ability to rapidly alter their viscosities and
rheological properties under an electric (E) field.” More
specifically, upon the application of an E field, the dispersed
particles become polarized, aligning them into fibril-like
structures along the direction of the field.” This arrangement
allows the ER fluids to transition from a liquid-like state to a
solid-like state, thereby gaining mechanical strength.* When
the E field is removed, the ER fluids revert to their original
liquid states.” Because of their reversible and fast response
characteristics, ER fluids are suitable for use in various
industrial applications, including haptic devices, clutch systems,
dampers, and actuators.”” The performances of ER fluids
generally depend on the degree of polarization of the dispersed
particles within the medium.® Strong polarization can be
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achieved by selecting dispersants with high dielectric
constants.” To date, various polarizable materials such as
inorganic, organic, metallic, and polymeric materials have been
employed as dispersing materials.'”~"? Recently, perovskite
materials have gained attention for use in ER applications
owing to their high tunabilities, excellent dielectric properties,
15 Perovskites  typically
exhibit an ABX; structure, in which the A-site can be occupied

by alkaline metals and organic cations, the B-site generally

and desirable structural diversities.
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hosts transition metal ions, and the X-site is occupied by
anions, including oxygen or halides.'®

Perovskite materials exhibit distinct dielectric and optical
properties depending on their phases, particularly among the
alpha (a)-, beta (f§)-, gamma ()-, and delta (5)-phases, all of
which are influenced by their composition and environmental
conditions.'” The a-phase, which is stable at higher temper-
atures (>300 °C), exhibits a more uniform and ionic
arrangement in cubic structures, resulting in balanced optical
and electronic properties that are advantageous for optoelec-
tronic applications, such as solar cells."® It is known that the a-
phase materials often display dark colors, such as black, due to
their efficient light-absorbing properties. The $-phase, which is
stable at lower temperatures compared to the a-phase, features
a tetragonal structure with slightly distorted symmetry. The y-
phase adopts an orthorhombic structure with further reduced
symmetry, typically forming at lower temperatures where the
material exhibits high thermodynamic stability. Structural
distortion and reduced symmetry in the y-phase enhances
the polarizability of the material, thereby improving its
dielectric properties.'” The &-phase is a nonperovskite
structure with a one-dimensional edge-sharing [BX4]*~
octahedral chain structure.”® Unlike other phases, the &-
phase exhibits a large bandgap, resulting in reduced optical
absorption and a yellowish color. Typically stable at room
temperature, 6-phase materials exhibit enhanced polarizability,
which is advantageous in the field of ER fluids by promoting
stronger interactions with the applied E field.”'

Although the polarizability of a material mainly depends on
its type and dielectric properties, geometrical factors such as
the size, morphology, shape, and porosity also significantly
affect polarization. Previous studies have shown that elongated
materials, including nanofibers, nanorods, and nanotubes, can
have a positive effect on the ER performance because of their
shape advantages.””*® An increased aspect ratio can enhance
both the mechanical stability and the dielectric properties,
leading to an enhanced ER activity compared with spherical or
polyhedral materials.”* In this context, Noh et al. reported
differences in the ER performances of mesoporous silica
materials coated by polyaniline with aspect ratios (L/D) of 1,
S, and 10, demonstratin§ that high aspect ratios resulted in
higher ER activities.”” Although several studies have
emphasized the ER effects of materials with various aspect
ratios, few have reported a direct correlation between the
aspect ratio of a material and its ER performance, indicating a
need for further research in this area.

In this study, various halide perovskite materials, including
FAPbBr,, FAPbL,, MAPbBr;, MAPbL,, CsPbBr,, and CsPbl,,
are synthesized, and their structural and chemical properties
are analyzed to evaluate their suitability for use as ER fluids. To
the best of our knowledge, this is the first study to compare the
applicability of various halide perovskite materials in the ER.
Following dispersion of the as-synthesized halide perovskite
materials in silicone oil (3.0 wt % perovskite), their dispersion
stabilities and dielectric properties are evaluated to confirm
their potential as ER fluids. The performances of the different
systems are aligned with their structures, aspect ratios, and X-
site components. In addition, the synergistic effect associated
with a high mechanical stability and favorable dielectric
properties is examined to identify the most promising halide
perovskite material for ER fluids. Additionally, CsPbl,
perovskites with varying aspect ratios (L/D = S and 20) are
prepared using the same precursor materials but different

synthesis processes. The ER performances of these materials
are compared, and the role of the aspect ratio is considered in
terms of its ability to enhance the flow resistance and
mechanical stability to support rigid fibril-like structures.
This study highlights the synergistic contribution of the
geometry and the dielectric properties of halide perovskite
materials for enhancing the ER performance.

B EXPERIMENTAL SECTION

Materials. Formamidine acetate (FAAc, 99.0%), lead(II)
bromide (PbBr,, 98.0%), y-butyrolactone (GBL, 99.0%),
diethyl ether (DEE, 99.0%), formamidinium iodide (FAI,
99.0%), 2-methoxy-ethanol (2-ME, 99.8%), methylammonium
bromide (MABr, 99.0%), methylammonium iodide (MAI,
99.0%), and silicone oil (viscosity: 100 cSt) were purchased
from Merck KGaA (Darmstadt, Germany). Hydrobromic acid
(HBr, 47.0—49.0%), lead(Il) iodide (Pbl, 95.0%), cesium
bromide (CsBr, 99.9%), cesium iodide (Csl, 99.9%), dimethyl
sulfoxide (DMSO, 99.5%), dimethylformamide (DMF,
99.0%), toluene (99.5%), chlorobenzene (99.0%), isopropyl
alcohol (IPA, 99.5%), and ethyl alcohol (EtOH, 99.5%) were
acquired from Samchun Chemical Co. (Pyeongtaek, Republic
of Korea). All reagents were used without additional
purification process.

Synthesis of FAPbBr; and FAPbl;. To synthesize
FAPbBr;, FAAc was dissolved in HBr to prepare a 10 M
solution. Then, PbBr, powder in GBL (10 M) was added
dropwise to the formamidinium acetate solution. This solution
was kept in an oil bath at 90 °C for 1 h, resulting in the
formation of an orange powder. The powder was collected
without cooling and washed several times with DEE. Finally,
the powder was baked at 150 °C.

FAPDI; was prepared by mixing FAI and Pbl, in an
equimolar ratio (1:1) in 2-ME with vigorous stirring.
Subsequently, the solution was heated at 120 °C in an oil
bath for 3 h, producing black FAPbI; powder. The black
precipitates were filtered and washed with DEE. The filtered
black FAPDbI; crystals were then baked at 150 °C for 1 h and
stored under N, conditions.

Fabrication of MAPbBr; and MAPbI;. For the
fabrication of MAPbBr;, an equimolar ratio of MABr and
PbBr, was dissolved in DMF. After stirring, the solution
initially turned orange but gradually became transparent over
time. The perovskite solution was then transferred to glassware
containing an antisolvent (e.g., chlorobenzene), covered, and
maintained at 80 °C for 3 h. As the antisolvent slowly
evaporated, orange crystals began to form. The as-grown
crystals were subsequently washed with DEE and dried
overnight in a vacuum oven (60 °C).

To prepare MAPbI;, 1 mmol of MAI was first dissolved in
1.5 mL of IPA with continuous stirring at 25 °C. Subsequently,
1 mmol of Pbl, powder was added to the solution. Black
powder was immediately formed and the mixture was stirred
for an additional 30 min to stabilize the chemical reaction.
After the reaction, the product was washed several times with
pure IPA and dried overnight in a vacuum oven (60 °C).

Fabrication of CsPbBr; and CsPbl;. For the preparation
of CsPbBr;, an equimolar ratio of PbBr, and CsBr was
dissolved in DMSO and stirred until the solution became
transparent. Then, 3.0 mL of HBr was added dropwise, which
changed the color of the solution to orange. Upon completion
of the addition, orange-colored powder formed. The powder
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was collected by vacuum filtration, washed several times with
EtOH, and vacuum-dried overnight (60 °C).

CsPbl; was fabricated by dissolving CsI and Pbl, in an
equimolar ratio (1:1) in DMF. Three different synthesis
methods were employed for CsPbl;: (i) drop-casting (CsPbl,/
DC), (ii) antisolvent (CsPbl;/AS), and (iii) hydrothermal
(CsPbL;/HT), as described in the literature. (i) For drop-
casting (CsPbl;/DC) method, the solution was dropped onto
a glass substrate and heated at 130 °C. The dried solutes were
collected by scraping them off the glass surface. (ii) For
antisolvent (CsPbl;/AS) method, the solution was dropped
into toluene, which caused the solution to become turbid. The
resulting precipitates were collected, washed several times with
toluene, and dried. (iii) In hydrothermal (CsPbl;/HT), the
solution was transferred into a Teflon-lined autoclave
containing toluene and heated at 130 °C for 8 h in a mufile
furnace. After cooling to room temperature, the precipitates
were washed three times with toluene and dried in an oven at
130 °C. Throughout the study, CsPbl; synthesized using the
drop-casting method (CsPbl;/DC) was used as the standard
reference.

Characterization. The crystal structures of FAPbBr;,
FAPbI;, MAPbBr;, MAPbI;, CsPbBr;, and CsPbl; were
analyzed using X-ray diffraction (XRD, D8 Advance, Bruker
Co., Billerica, MA). The phase identification of halide
perovskites was performed using HighScore Plus software by
searching the reference XRD database. The chemical states of
the materials were examined by X-ray photoelectron spectros-
copy (XPS, K-Alpha, Thermo Fisher Scientific, Waltham, MA).
The sample morphologies were characterized using field-
emission scanning electron microscopy (FE-SEM, S-4800,
Hitachi, Tokyo, Japan). The molecular structures of samples
were analyzed by a Fourier-transform infrared spectroscopy
(FT-IR, Nicolet iS10, Thermo Fisher Scientific, Waltham,
MA). Dielectric properties were measured with an impedance
analyzer (Solartron 1260, Solartron Instruments, Hampshire,
UK) equipped with a dielectric interface (Solartron 1296).

Investigation of Electrorheological (ER) Properties.
To prepare ER fluids, powder FAPbBr;, FAPbI;, MAPbBr;,
MAPDbI;, CsPbBr;, and CsPbl; samples were first ground using
a mortar and pestle. The ground particles were dispersed in
silicone oil by sonication for 20 min. The mixtures were then
magnetically stirred for 4 h to achieve homogeneous fluid. The
concentration of all ER fluids was set to 3.0 wt % without
adding any additives. The ER measurement was investigated
using a rheometer (MCR 102, Anton Parr, Graz, Austria)
equipped with a concentric geometry (diameter: 28.0 mm,
height: 30.0 mm), a cup (diameter: 30.0 mm, height: 30.0
mm), and a high-voltage generator (HCP 14-12500, FuG
Elektronik GmbH, Schechen, Germany). The gap distance
between the geometry and the cup was set to 1.0 mm on each
side without any hindrance. A preshearing of 20.0 s™' shear
rate was applied for 5 min to obtain an equilibrium state of ER
fluids before the measurement. After the preshearing, E field
was applied to the system to investigate the ER properties. The
ER measurement of each sample was repeated at least three
times to ensure the accuracy of the data. The real-time
formation of fibril-like structures of the ER fluids was observed
using an optical microscope (OM, BH2-UMA, Olympus,
Tokyo, Japan) equipped with a high-voltage generator (C3350,
Hamamatsu, Shizuoka, Japan).

B RESULTS AND DISCUSSION

Synthesis of the Halide Perovskite Materials. Figure 1
shows a schematic representation of the basic perovskite
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Figure 1. Schematic illustrations of various phases for halide
perovskite materials with the ABX; formula.

structure. In the perovskite formula of ABX;, the A-site ion is
typically a larger cation, whose main role is to stabilize the
structure by filling the voids created by the BX; network.”® The
choice of A-site ions can affect various properties of the
material, such as the dielectric constant, ion conductivity, and
stability, which are essential for applications in ER fluids.””**
In this study, formamidinium (FA*), methylammonium
(MA"), and cesium (Cs") ions were selected as the A-site
ions. The B-site ion, which is usually a smaller cation,
coordinates with the anions at the X-sites to form an
octahedral structure (BX,). The selection of B-site cations is
crucial for determining the electronic and dielectric properties
of perovskites, which are important for achieving high ER
performances.29 For the purpose of this study, Pb** was chosen
as the B-site cation because lead-based perovskites are known
to exhibit high dielectric constants, which can enhance
polarization under an E field.”” The type of X-site anion also
significantly affects the electronic and structural properties of
perovskites. Thus, Br™ and I” halogen ions were selected due
to their tunable band gaps and high dielectric constants.’!
Additionally, halide perovskite materials can exhibit four
different structures, including three perovskite structures of
cubic, tetragonal, orthorhombic, and one nonperovskite
structure, depending on their compositions and environmental
conditions. Each of these structures demonstrates different
polarizability due to their high dielectric properties, strong
dipole—dipole interactions, and favorable mechanical proper-
ties, all of which contribute to the ER response.32 As a result,
six different halide perovskite materials, namely FAPbBr;,
FAPbI;, MAPbBr;, MAPDI;, CsPbBrs;, and CsPbl; are selected
as dispersing materials for the ER fluids.

The crystal structures of the prepared halide perovskite
materials were examined by X-ray diffraction (XRD), and the
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Figure 2. XRD patterns of (a) FAPbBr;, (b) FAPbI, (c) MAPbBr;, (d) MAPbI,, (e) CsPbBrs, and (f) CsPbl, materials in the 26 range of 10—45°.

resulting spectra are shown in Figure 2. The diffraction peaks
for FAPbBr, appeared at 14.8, 21.0, 29.8, 33.4, 36.8, and 42.6°,
corresponding to the (001), (011), (002), (012), (112), and
(022) planes of the cubic a-phase, and aligning well with
reference data for cubic perovskites (Figure 2a).* In addition,
the patterns related to the starting precursors, FAAc and HBr,
matched well with the spectra, confirming the successful
formation of FAPbBr;. In the case of FAPDL;, the diffraction
peaks at 13.9, 19.8, 24.3, 28.0, 31.5, 40.2, and 42.6°
corresponded to the (001), (011), (111), (002), (012),
(022), and (003) planes of the a-phase (Figure 2b).**
Additionally, peaks related to hexagonal Pbl, (JCPDS: 873—
1752) were detected due to its stronger crystallinity compared
to organic components.””*° Notably, the sharpness of these
diffraction peaks indicates the highly crystalline natures of the
prepared perovskites. In the case of MAPbBr;, diffraction peaks
were observed at 15.0, 21.2, 30.0, 33.8, 37.1, and 43.0°, which
were assigned to the (100), (110), (200), (210), (211), and
(220) planes, respectively (Figure 2c).”” Similarly, MAPbI,

13330

exhibited peaks at 14.1, 20.0, 23.4, 24.4, 28.5, 32.0, 35.0, 40.4,
an 43.1°, corresponding to the (110), (112), (211), (202),
(220), (310), (312), (224), and (330) crystal planes,
indicating a tetragonal structure (Figure 2d).”* As with
FAPDI;, Pbl,-related peaks were also detected in the patterns
of MAPbI;. These results confirmed the presence either a-
phase cubic of FA-based halide perovskite and f-phase of
tetragonal structures of MA-based halide perovskite materials.
Additionally, the diffraction peaks for CsPbBr; appeared at
15.3, 21.5, 24.2, 25.4, 26.5, 28.6, 30.4, 30.8, 34.4, 37.8, and
43.8°, which align with the (001), (010), (110), (111), (202),
(122), (210), (002), (112), (122), and (020) planes,
respectively (Figure 2e).”” For CsPbls, the main peaks are
located at 13.1, 17.6, 22.8, 26.5, 31.4, 32.8, 37.5, 41.2, and
44.5° correlated with the (012), (021), (112), (015), (016),
(034), (134), (027), and (052) planes close to the
orthorhombic structure (Figure 2).*° Overall, the XRD
patterns of each halide perovskite material matched well with
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the reference database, confirming their distinct crystalline
structures.

X-ray photoelectron spectroscopy (XPS) survey was
conducted to reveal the chemical compositions of FAPbBr;,
FAPbI;, MAPbBr;, MAPbI;, CsPbBr;, and CsPbl,, as shown in
Figure 3. In the full survey spectra, each halide perovskite

—FAPbBr, MAPbBr, —— CsPbBr,
——FAPbl, ——MAPbI, CsPbl,
13d
Cs 3d Pb 4f
Pb 4d C1s Csad 4

Br3s Br3p
A

""u SN SR
Il N1s Br3d
1 o

Intensity (a.u.)

800 600 400 200 0
Binding energy (eV)

Figure 3. XPS survey spectra of FAPbBr;, FAPbI;, MAPbBr;,
MAPbI;, CsPbBr;, and CsPbl; materials.

material was found to contain certain elements, including N, C,
Cs, Pb, Br, and I, which corresponded to their ABXj structures.
The detailed compositions were further analyzed using high-
resolution XPS. Initially, the presence of FA™ and MA" was
verified by observing the high-resolution N 1s and C 1s
spectra, as shown in Figures S1 and S2. In the N 1s region, a
single peak for FAPbBr;, FAPbl;, MAPbBr;, and MAPbI;
appeared at 400.1, 400.5, 401.7, and 401.8 eV, respectively.*' It
was clear that the binding energies of FAPbBr; and FAPDI,
were lower than those of MAPbBr; and MAPDbI; due to the
differences in the functional groups consisting FA and MA.***
Moreover, the N 1s peak for FAPbBry and FAPbI; indicated
the C—NH, group of FA, whereas that for MAPbBr; and
MAPbDI; corresponded to the —NH;" group of MA.

Additionally, two distinct C 1s peaks corresponding to C—C
and C—N bonds were measured.”* Specifically, the binding
energies of the C—N peaks for FAPbBr; and FAPbI; were
288.0 and 287.8 eV, respectively, which were higher than those
of MAPbBr; and MAPbI; at 288.5 and 286.1 eV. These
differences are attributed to variations in the binding properties
between FA and MA.***® Thus, N 1s and C 1s XPS results
confirmed the presence of FA™ and MA" in FAPbBr;, FAPbI;,
MAPDBr;, and MAPbI;. Moreover, the Cs 3d XPS spectra of
CsPbBr; and CsPbl; were deconvoluted into distinct Cs 3d;,
and Cs 3d;,, peaks at 739.0 and 725.0 eV, respectively (Figure
§3)."” These results confirmed the successful incorporation of
A-site ions into the halide perovskite materials.

The B- and X-sites of the perovskite materials were further
studied by analyzing their Pb 4f, Br 3d, and I 3d spectra. Figure
S4 shows the high-resolution Pb 4f spectra of the halide
perovskite materials. In all samples, the signals were
deconvoluted into two peaks, corresponding to the Pb 4f;,,
and Pb 4f,, levels characteristic of perovskite materials."
Additionally, small peaks were observed close to the Pb**
peaks, owing to the partial reduction of Pb** to Pb°.** Besides
the Pb 4f signals, two peaks were observed in the Pb 4d
spectra, which corresponded to the Pb 4d;,, and Pb 4d;,,
peaks.*”*® This confirms that the B-sites of these halide
perovskite materials are occupied by Pb atoms. In addition,
Figure S5 shows the high-resolution Br 3d spectra of FAPbBr;,

MAPDBr3;, and CsPbBr;, along with the I 3d spectra of FAPbI,,
MAPDI;, and CsPbl;. For the Br-containing materials, the
spectra were deconvoluted into Br 3d;/, and Br 3d;,, signals,
whereas for the Ij-containing materials, the spectra were
deconvoluted into I 3d;/, and I 3d;/, peaks, thereby confirming
that these materials contained either Br or I at the X-site, as
appropriate.”>> Additionally, the detection of Br 3p, Br 3s,
and I 4d peaks verified the presence of Br and 1>
Accordingly, XPS analysis confirmed that the core levels of
each element in the ABX; structure, along with their
corresponding valence states, were matched with those of
ideal halide perovskite structures.

The morphological structures of the prepared FAPbBr;,
FAPbI,;, MAPbBr;, MAPbI,;, CsPbBr;, and CsPbl; materials
were then examined using field-emission scanning electron
microscopy (FE-SEM), as shown in Figure 4. Round or

Figure 4. SEM images of the (a) FAPbBr;, (b) FAPbI;, (c) MAPbBTr;,
(d) MAPbL,, (e) CsPbBr;, and (f) CsPbl, materials.

angular-shaped particles were uniformly observed in the Br-
containing materials, including FAPbBr;, MAPbBr; and
CsPbBr;. In addition, the particle sizes of the materials were
within a few micrometers. For the I-containing materials,
FAPbI; and MAPbI;, hexagonal structures were observed,
likely due to mixing with the hexagonal system of the precursor
Pbl, material. Particles with rod-like structures and low aspect
ratios were also observed for these materials. In contrast,
CsPbl; exhibited a rod-like structure with a high aspect ratio
(L/D > 10). Accordingly, the FE-SEM results confirmed the
distinctive morphologies of the as-prepared halide perovskite
materials.

Furthermore, FT-IR analysis was performed to examine the
molecular structures and water content of halide perovskite
materials, as shown in Figure S6. In the case of FAPbBr; and
FAPbI;, quadruple IR bands were detected at 3394, 3331,
3256, and 3162 cm™’, which corresponded to the N—H
stretching vibrations of FA.>® Also, C=N symmetric stretching
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of the halide perovskite-based ER fluids as a function of the sedimentation time.
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Figure 6. (a) Permittivity values and (b) loss factors as a function of the E field frequency for the FAPbBr;-, FAPbI;-, MAPbBr;-, MAPbI;-,

CsPbBr;-, and CsPbl;-based ER fluids.

vibrations was detected at 1706 cm™', confirming the presence
of FA cation.”® For MAPbBr; and MAPbI;, MA-related peaks
were observed. In detail, peaks located at 2913, 2822, 1570,
959, and 903 cm™' corresponded to the —NHj; stretching,
—CHj stretching, — NH; bending, C—N stretching, and C—H
bending vibrations, respectively.®"** In the case of CsPbBr,
and CsPbl;, no specific peaks were revealed due to the
dominance of ionic bonds over covalent bonds. The water
content of sample was evaluated by observing the —OH peak
in the range between 3200 and 3600 cm™'. For all halide
perovskite materials, there was no broad peak detected in the
range of —OH, verifying the minimal water content under our
experimental conditions including synthesis conditions and

storing conditions in a desiccator.

Suitability of the Various Halide Perovskite Materials
for ER Applications. To prepare the ER fluids, various halide
perovskite materials, including FAPbBr;, FAPbI;, MAPbBr;,
MAPbDI;, CsPbBr;, and CsPbl;, were initially dispersed in
silicone oil at a concentration of 3.0 wt % and mixed
thoroughly. The suitability of each ER fluid was evaluated by
analyzing the dispersion stability and dielectric properties, both
of which are crucial in the context of ER applications. Initially,
the dispersion stability was examined (Figure 5). In ER
applications, maintaining a high dispersion stability without
sedimentation is essential, as it helps preserve the fibril-like
structures formed under an applied E field.*” In the initial state,
all particles were found to be uniformly dispersed in the
medium; however, they gradually sedimented over time until
reaching an equilibrium state. The sedimentation ratio (R) is
defined as the height of the dispersed materials (b) divided by
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the total height of the fluid (a + b), as expressed by the
following formula.

sedimentation ratio(R) = b/(a + b) (1)

Among the prepared ER fluids, the CsPbl;-based ER fluid
exhibited an exceptional sedimentation ratio of 0.85 even after
60 h. This can be attributed to the geometrical effect of its rod-
like structure with a high aspect ratio (L/D > 10), which led to
an increased flow resistance in the orthorhombic or non-
perovskite phases.””® Consequently, a greater degree of
friction is created in the medium, thereby reducing
sedimentation. For the various ER fluids, the dispersion
stability followed the order: CsPbl; > MAPbI; > MAPbBr; >
CsPbBr; > FAPbBr; > FAPbI;. Consequently, CsPbl; was
considered optimal for use as a dispersing material for ER
fluids owing to its enhanced dispersion stability.

The dielectric properties of the halide perovskite materials
were evaluated to confirm their suitability for use in ER
applications. Specifically, materials with high dielectric proper-
ties can provide interfacial polarization, known as Maxwell—
Wagner—Sillars polarization, at the interface between the
dispersed garticles and the medium when an E field is

ied.”"%* This polarization allows materials to readily form
fibril-like structures through electrostatic interactions, thereby
exhibiting higher ER activities than materials with lower
dielectric properties.”> To investigate the polarizability
characteristics of the halide perovskite materials, their dielectric
properties were analyzed by measuring the dielectric constant
(or permittivity, &’) and loss factor (¢”) at an applied E field
strength of 3.0 kV mm~}, as shown in Figure 6. Two dominant
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factors for ER performance, namely the achievable polar-
izability (A¢) and the relaxation time (1), were obtained from
the permittivity and loss factor curves. The former was
determined by subtracting the permittivity at a high frequency
from that at a low freﬂuency, thereby indicating the degree of
material polarization.”* The relaxation time was calculated by
first identifying the frequency at which the loss factor reached
its maximum, and then applying the following equation.”®

_ 1
2af (2)

Previous studies have reported that a high ER performance
is associated with materials that possess larger Ae and shorter
A, as these properties increase the degree of polarizability and
allow for a faster polarization response when an external E field
is applied to the ER fluid.”*** Thus, the dielectric parameters
for the FAPbBr;-, FAPbl;-, MAPbBr;-, MAPbI,;-, CsPbBr;-,
and CsPbl;-based ER fluids were determined and are
summarized in Table 1. Among them, the CsPbl;-based ER

Table 1. Dielectric Parameters of Various Perovskite-Based
ER Fluids“

sample £, £oo Ae® fmar (Hz) 27 (s)
FAPDbBr,4 3.15 2.68 0.47 0.76 0.21
FAPDI, 3.87 3.24 0.63 0.78 0.20
MAPDBr; 340 2.76 0.64 0.65 0.24
MAPDI, 3.53 2.79 0.74 0.68 0.23
CsPbBr; 3.74 3.05 0.69 0.55 0.29
CsPbl, 6.66 3.42 3.24 1.13 0.14

“The dielectric properties were obtained using a Solartron SI 1260
impedance analyzer with a Solartron 1296 dielectric interface. YThe
difference between ¢, and e, (Ae = €, — &) is associated with the
achievable polarizability. “The local frequency at which the dielectric
loss factor (¢”) is maximized was evaluated by nonlinear regression
analysis using OriginPro. “The relaxation time was determined by A=
1/(27f o), Where f,.. is the frequency of the dielectric loss factor
peak.

fluid showed the highest Ae (3.24) and shorter A (0.14 s)
values compared to the other perovskite materials. Specifically,
CsPbl; exhibited high polarization at low frequencies due to
the formation of large polarons arising from the larger size of I”
ions, which induce distortion in the PbXy octahedral
framework and change the electronic charge distribution.*®
At high frequencies, the charge carriers not respond quickly to
the rapidly changing field, resulting in a decrease of
polarization. Also, the high polarization can be attributed to
the advantages of using an inorganic atom as the A-site, the
distorted and asymmetric structure that enhances polarization,
and the geometric benefit of a rod-like morphology with a high
aspect ratio.”>®” These results indicate that CsPbl, has several
advantages over other perovskite materials, rendering it a
suitable dispersion material for ER applications.
Electrorheological Properties of the Halide Perov-
skite-Based ER Fluids. The ER performances of the
FAPbBr,, FAPbl,, MAPbBr,, MAPbl,, CsPbBry, and
CsPbl;-based ER fluids were investigated by measuring the
shear stress as a function of the shear rate under E field on/off
conditions and as a function of the E field strength. The ER
fluids were prepared by dispersing the various perovskite
materials in silicone oil at a 3.0 wt % concentration. Prior to
applying an external E field, the shear stress and viscosity

curves of the ER fluids in the zero-field state were evaluated
(Figure 7a). In the absence of an E field, all ER fluids displayed
typical Newtonian behavior, producing shear stress curves
proportional to the shear rate.”® However, the viscosities
decreased with an increasing shear rate, indicating the presence
of shear-thinning behavior.”” Among them, the CsPbl;-based
ER fluid exhibited a slightly higher shear stress and viscosity
owing to the increased flow resistance of the rod-like
structure.”” Under a constant E field strength of 3.0 kV
mm™, the ER activities were analyzed by measuring the shear
stress and viscosity as a function of the shear rate, as shown in
Figure 7b. When the E field was applied, all ER fluids instantly
exhibited stress, indicating the formation of fibril-like structures
caused by electrostatic forces between the dispersed particles
in the medium.”" In the low-shear-rate region, Bingham plastic
behavior was observed, which was dominated by the
electrostatic forces between the particles under the E field,
surpassin§ the hydrodynamic forces generated by rotational
shearing. 7> Beyond a certain critical shear rate (y.), the
hydrodynamic forces overwhelmed the electrostatic forces,
resulting in Newtonian behavior and breaking down the chain-
like structures.” Among the fluids, only CsPbl;-based ER fluid
demonstrated an acceptable ER performance. More specifi-
cally, the measured shear stresses for the FAPbBr;-, FAPbI;-,
MAPbBr;-, MAPbI;, CsPbBr;-, and CsPbl;-based ER fluids
under an E field strength of 3.0 kV mm ™! were ca. 3.6, 5.8, 4.0,
4.4, 5.0, and 99.4 Pa, respectively. This exceptional high
performance for the CsPbl;-based ER fluid was attributed to
the synergistic effects of the high dielectric properties for
polarization and the enhanced dispersion stability owing to the
geometrical advantage of the rod-like structures.””*

A real-time E field on/off test was conducted to verify the
reversibility characteristics of the ER fluids based on the
different halide perovskite materials, as shown in Figure 7c. In
the absence of an E field, low yield stress values of <1.0 Pa
were observed for all ER fluids, indicating their resting state.
Upon applying an E field strength of 3.0 kV mm™', immediate
yield stresses were detected for all ER fluids, which increased in
the order FAPbBr; < MAPDbBr; < MAPbI; < CsPbBry <
FAPbI; < CsPbl;, thereby indicating that the dispersion
stability and dielectric properties influenced the ER perform-
ance. When the applied E field was removed, the yield stresses
instantly returned to their initial states, confirming the
reversible and fast response characteristics of the ER fluids.
Furthermore, the dynamic yield stresses of the ER fluids based
on the halide perovskite materials were evaluated as a function
of the E field strength, ranging from 0.5 to 3.0 kV mm™" at a
fixed shear rate of 0.1 s™' (Figure 7d). For the CsPbl;-based
ER fluid, the dynamic yield stress was proportional to the
square of the E field, whereas proportional but less steep
relationships were observed for the other ER fluids. These
results verify that the yield stress of the CsPbl;-based ER fluid
increased more rapidly with an increasing E field strength
owing to its high dielectric properties and dispersion
stability.”>”* Overall, the experimental results highlighted the
advantages of using CsPbl; as a dispersing material in ER
fluids.

Optical microscopy (OM) analysis was performed to visually
reveal the real-time responses of the FAPbBry-, FAPDI;-
MAPbBr;-, MAPDbI;-, CsPbBr;-, and CsPbl;-based ER fluids
under an E field strength of 3.0 kV mm™" (Figure 8). With the
absence of an E field, the particles were randomly distributed
in the silicone oil without aggregation, while upon application
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Figure 7. (a) Zero-field shear stress (open) and viscosity (solid) curves recorded for the FAPbBr;-, FAPbI,-, MAPbBr;-, MAPbI;-, CsPbBr;-, and
CsPbl;-based ER fluids (3.0 wt %) as a function of the shear rate and in the absence of an applied E field. (b) Flow curves and viscosities of the
various halide perovskite-based ER fluids under an E field strength of 3.0 kV mm™. (c) E field on/off tests performed for the ER fluids at a fixed
shear rate of 0.1 s™'. (d) Dynamic yield stress results for the ER fluids as a function of the E field strength from 0.5 to 3.0 kV mm™".

Figure 8. Optical microscopy (OM) images for the formation of fibril-like structures in the (a) FAPbBr;-, (b) FAPbL;-, (c) MAPbBr;-, (d)
MAPbI-, (e) CsPbBry-, and (f) CsPbly-based ER fluids (3.0 wt %) under an E field strength of 3.0 kV mm™". The gap distance between two

electrodes was set to 1.0 mm.

of the E field, the dispersed particles rapidly formed fibril-like
structures aligned in the E field direction. The densest
formation of fibril-like structures was observed for the
CsPbl;-based ER fluid, as indicated by the darkened areas.
These observations clearly confirm the rigidity of its solid-like
structure. In contrast, the other ER fluids exhibited less-rigid
structures owing to their lower degrees of polarization. Overall,
the OM observations confirmed the rapid responsiveness and
reversible properties of the ER fluids.

Finally, rod-like CsPbl; materials with different aspect ratios
(L/D) were prepared by altering the synthesis method, and
their ER activities were compared to further confirm the effect
of the sample geometry on the ER performance. Thus, in
addition to the drop-casting method (CsPbl,/DC), the
antisolvent (CsPbl;/AS) and hydrothermal (CsPbl;/HT)
methods were applied using the same precursor material.”>
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Based on SEM observations, the aspect ratio of CsPbI;/AS was
measured to be 5, which is lower than that of the CsPbl;/DC
specimen (L/D = 10). In addition, the aspect ratio of the
CsPbl;/HT sample was 20, which is higher than that of
CsPbLy/DC (Figure S7). To evaluate the effect of the aspect
ratio on the ER performance, both CsPbl;/AS and CsPbl;/HT
were dispersed in silicone oil (3.0 wt %) to prepare their
corresponding ER fluids. Initially, the rheological properties
were observed in the absence of an applied field. As shown in
Figure 9a, the shear stress and viscosity were proportional to
the shear rate under these conditions. Notably, the CsPbl,/
HT-based ER fluid exhibited a higher stress and viscosity,
suggesting that rod-like materials with higher aspect ratios
exhibit enhanced shear stresses owing to their increased
mechanical stabilities and flow resistances.”® Upon the
application of an E field (3.0 kV mm™), all CsPbl,-based
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Figure 9. (a) Zero-field shear stress (open) and viscosity (solid) curves recorded for the CsPbl,;/DC-, CsPbl;/AS-, and CsPbl;/HT-based ER
fluids (3.0 wt %) as a function of the shear rate in the absence of an applied E field. (b) Shear stress and viscosity curves recorded for the various
CsPbl;-based ER fluids as a function of the shear rate under an E field strength of 3.0 kV mm™". (c) Reversibility tests performed for the different
CsPbl;-based ER fluids by switching the E field (3.0 kV mm™) on and off at a constant shear rate (0.1 s7'). (d) Yield stress as a function of the
applied E field strength at a 0.1 s™" shear rate. OM images showing the formation of fibril-like structures for the (e) CsPbl,/AS- and (f) CsPbl,/

HT-based ER fluids under an E field strength of 3.0 kV mm~.

ER fluids displayed constant shear stresses, with Bingham
plastic behavior being observed (Figure 9b). The ER
performance was ranked in the order CsPbl;/AS < CsPbl;/
DC < CsPbl;/HT, with corresponding shear stress values of
ca. 71.0, 99.4, and 128.0 Pa, respectively. Notably, these values
increased in the same order as the sample aspect ratios.
Additionally, as presented in Figure 9¢,d, the ER on/off and E
field strength tests confirmed the reversibility, fast response,
and E field-dependent behaviors of the prepared fluids. OM
analysis further verified the formation of strong chain-like
structures upon the application of a specific E field strength
(ie, 3.0 kV mm™, Figure 9e,f). Accordingly, it was confirmed
that the geometrical effect of the aspect ratio further
contributed to the enhanced ER performances of CsPbl;-
based ER fluids.

B CONCLUSIONS

In conclusion, six halide perovskite materials, namely FAPbBr;,
FAPbI;, MAPbBr;, MAPbI;, CsPbBr;, and CsPbl;, which are
commonly used in solar cells, were synthesized for use as
dispersing materials in electrorheological (ER) fluids. To the
best of our knowledge, this is the first study comparing the
applicability of halide perovskite materials in ER. Various
morphological and chemical analyses confirmed the successful
formation of halide perovskite structures, with CsPbl,
exhibiting a rod-like structure with a high aspect ratio (L/D

13335

10). After dispersing the halide perovskite materials in
silicone oil (3.0 wt %), their dispersion stabilities and dielectric
properties were evaluated. Among them, the CsPbl;-based ER
fluid exhibited the highest sedimentation ratio (0.85), highest
achievable polarizability (Ae = 3.24), and shortest relaxation
time (0.14 s), demonstrating its strong potential for use in ER
applications. In addition, the CsPbl;-based ER fluid exhibited
the highest ER performance (99.4 Pa), which was attributed to
the synergistic effect of the mechanical stability originating
from the rod-like structures and the high dielectric properties
for polarization. To investigate the effect of the particle size on
the ER activity, the aspect ratio of CsPbl; was modified by
altering the synthesis method. Consequently, the CsPbl;-based
ER fluid synthesized via the hydrothermal method with an
aspect ratio of 20 demonstrated an exceptionally high ER
performance of 128.0 Pa. The results of this study highlights
the potential of employing halide perovskite materials in ER
applications, suggesting future pathways for their use in various

fields.
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