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Abstract  A comprehensive study of the cellulose 
particle shape effect on electrorheological activity of 
their suspensions in polydimethylsiloxane was per-
formed. Microparticles, nanorods and porous com-
posite particles of cellulose with polyethylene glycol 
were considered as a filler. The structure of particles 
was established by a set of complementary methods, 
such as electron microscopy, infrared spectroscopy, 
and wide-angle X-ray scattering. The rheological 
behavior of suspensions filled by various types of 
particles changes under an electric field. The yield 
stress increases with electric field strength. The role 
of particle shape on the electrorheological properties 
of suspensions was revealed. The values of the yield 
stress of suspensions increase from microparticles to 
nanorods and porous composite particles at the same 

concentration and electric field strength. Porous com-
posite particles of cellulose, a novel filler obtained 
by freeze-drying, demonstrates an enhanced electror-
heological response compared to micro- and nano-
particles. The yield stress reaches 450  Pa at 7  kV/
mm at an extremely low concentration of 1.0  wt%. 
Moreover, the porosity of the particles significantly 
increases the sedimentation stability of cellulose sus-
pensions in polydimethylsiloxane. The high porosity 
of the filler makes it possible to obtain highly efficient 
electrorheological fluids at a sufficiently low concen-
tration of the dispersed phase.

Keywords  Stimuli-responsive materials · 
Electrorheological fluids · Cellulose · Polyethylene 
glycol · Porous particles

Introduction

A wide range of research is currently devoted to 
smart materials that are able to change their proper-
ties under the influence of certain external stimuli, for 
example, temperature or radiation, pH of the medium, 
electric or magnetic fields (Dong et  al. 2019; Nas-
seri et al. 2020). Electrorheological fluids (ERFs) are 
special among this class of materials. They are het-
erogeneous systems, usually consisting of a dielectric 
dispersion medium and polarizable dispersed phase 
particles, often referred to as a filler (Kuznetsov 
et  al. 2022a). The electrorheological (ER) effect is 
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reversible and controlled change of rheological prop-
erties, such as viscosity, yield stress, storage and loss 
moduli of the fluid by an electric field. Its nature is 
related to the polarization of the filler particles fol-
lowed by subsequent formation of the columnar struc-
tures in the dielectric medium (See 2000; Kuznet-
sov et  al. 2021a). The rapid and reversible response 
of ERF to an external electric field results in a wide 
range of potential applications in fast switching 
dampers and valves  (Kolekar et  al. 2019; Bauerochs 
et al. 2020), soft robotics (Hines et al. 2017), micro-
fluidic chips (Sheng and Wen 2012), tactile response 
sensors, medicine (Chou et al. 2020; Guo et al. 2020), 
etc. However, despite the great achievements in the 
field of electrorheology, there are a number of obsta-
cles to the widespread use of ERFs. These include 
typical high concentration of suspensions (more than 
10 wt%) to achieve a pronounced ER effect, the high 
electric field strength, low sedimentation stability of 
ERFs, the lack of a universal description of ER mech-
anism, etc. One of the problems with highly concen-
trated fluids is their price, as the filler is often the 
most expensive component. Reducing the filler con-
centration while maintaining the performance charac-
teristics of fluids is an urgent economic task. There-
fore, modern studies are aimed to search and develop 
novel fluids with fillers exhibiting high ER activity at 
low concentrations, followed by findings of the rela-
tionship between rheological behavior and the struc-
tural and electrophysical characteristics of materials.

Low molecular weight polydimethylsiloxanes 
(PDMS) are widely used as the dispersion medium 
of ERFs. These organosilicon polymers are biocom-
patible and available in a wide range of viscosities, 
have low dielectric permittivity, chemical and ther-
mal stability, high siloxane chain flexibility  (Wolf 
et  al. 2018). Nevertheless, the key component of 
ERF is the filler. According to published scientific 
studies, polarizable micro- and nanoparticles of 
various chemical nature are used as a filler: from 
inorganic materials (metal oxides, carbon nanoma-
terials and clays) (Dhar et al. 2017; Wu et al. 2018; 
Sokolov et al. 2021; Kuznetsov et al. 2022c) to sem-
iconductor polymers (Lim and Choi 2017; Plachý 
et  al. 2021) and biodegradable polysaccharide par-
ticles (Ko et  al. 2011; Choi et  al. 2017; Kovaleva 
et al. 2022b). It has been repeatedly confirmed that 
by varying the shape and morphology of the filler it 
is possible to increase the ER effect and improve the 

sedimentation stability of suspensions. In particular, 
particles with a high aspect ratio are able to form 
stronger structures in an electric field resulting in a 
higher yield stress (Yin et al. 2009; Kovaleva et al. 
2022b). In turn nanosized filler can improve the 
sedimentation stability of ERFs (Yin et al. 2009).

Polymeric materials, due to their variability, 
open up a range of possibilities for producing ERF 
fillers (He et  al. 2022). Among polymer particles, 
the porous ones are another promising filler. If the 
pore size is large enough, the molecules of the dis-
persion medium can penetrate into the porous struc-
ture of particles. Thus, a percolation network from 
particles is formed in the suspension at a low con-
centration (less than 5 wt%) resulting in enhanced 
sedimentation stability of suspensions. The per-
colation network is reinforced in an electric field 
leading to an increased ER effect. Thus, the high 
ER activity of porous chitosan particles in PDMS 
and olive oil was recently shown (Kuznetsov et  al. 
2021c, d). Suspensions in PDMS proved to be sta-
ble in a wide range of electric field strengths up to 
7  kV/mm. The equilibrium sedimentation ratio for 
1.0 wt% ERF is more than 90% and the yield stress 
reaches 540 Pa (Kuznetsov et al. 2021d). It should 
be noted that suspensions exhibit a stable response 
in a wide temperature range (Kovaleva et al. 2022a), 
and additionally, the introduction of nanoparticles 
into the porous structure opens up opportunities for 
directed regulation of the ER activity of the filler 
over a wide range (Kuznetsov et al. 2021b, 2022b). 
Moreover, low filler concentration can also reduce 
the costs of the material. Therefore, the porous par-
ticles are of great interest.

According to green chemistry paradigm, the bio-
compatible and biodegradable fillers are encouraged 
to produce environmentally friendly materials. In this 
vein, polysaccharide fillers are extremely promising. 
Thus, cellulose, starch, chitin, and chitosan can polar-
ize due to the lateral polar groups and exhibit the ER 
effect. Cellulose is the most abundant biopolymer on 
the planet. It is a linear polysaccharide with D-glu-
cose monomers, which are linked through β-(1 → 4) 
bonds. In nature cellulose consists of amorphous and 
crystalline regions. Depending on the feedstock and 
isolation methods, cellulose can be obtained as wood 
fiber, microfibrils, micro- or nanocrystals, etc., differ-
ing in morphology, length, aspect ratio, and degree of 
crystallinity (Choi et al. 2017).
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The ER activity of cellulose and its compos-
ites has been demonstrated previously. Thus, ERFs 
filled by microcrystals and microfibrils of cellu-
lose in silicone oil have been reported (Sim et  al. 
2016; Choi et  al. 2019). The yield stress values 
were achieved up to several hundred Pa at low 
field strength (1–2 kV/mm) and a concentration of 
10 wt%. The yield stress values were directly pro-
portional to the cellulose weight fraction, which 
the authors attribute to a corresponding increase 
in the number of chains in the colloid structure. 
It has been recently demonstrated that cellulose 
nanofibrils and nanocrystals also reveal ER activ-
ity in castor oil at low concentrations (less than 6 
wt%) (García-Morales et  al. 2020). It was found 
that the shape of the particles affects the ER prop-
erties, the yield stress of suspension was higher for 
nanofibrils. In particular, the yield stress reaches 
about 300 and 375  Pa at 4  kV/mm and 4 wt% for 
cellulose nanocrystals and nanofibrils, respectively. 
However, the morphology of filler particles was not 
confirmed. Derivatives and composite cellulose par-
ticles are also being actively explored as ERF fill-
ers. It was reported on the use of phosphate (Bae 
et  al. 2017) and lithium carboxyl salt (Tilki et  al. 
2010) of cellulose, hydroxypropyl cellulose (Mis-
ono and Negita 2004), surface modified cellulose 
(Liu et  al. 2018), and various composites of this 
polysaccharide (Kraev et  al. 2007). Nevertheless, 
despite the wide utilization of various types of cel-
lulose and its composites in electrorheology, porous 
cellulose particles have not previously been used 
as filler for ERFs. However, porous cellulose and 
its derivatives have already been obtained by vari-
ous methods, including the preparation of highly 
porous microspheres by dissolving particles of 
TEMPO-oxidized cellulose in NaOH/urea solution, 
followed by dispersion in paraffin oil and emulsifi-
cation (Zhang et  al. 2022), and the preparation of 
porous composite films from cellulose acetate with 
sodium nitrate (Lee et  al. 2022). Thus, despite the 
rather high number of studies devoted to ERFs with 
cellulose, a direct comparison of the particle shape 
and morphology effect on the ER behavior of low-
concentrated suspensions in PDMS has not been 
performed. That is why the aim of this research is to 
study the role of cellulose particles morphology on 
the ER effect and to improve the ER properties of 
cellulose suspensions by obtaining porous particles.

Material and methods

Silicon oil (PDMS) (PMS-100, Penta-Junior LLC, 
Russia) with the kinematic viscosity of 100 cSt was 
used as a dispersion medium. Previously, the oil was 
characterized by size-exclusion chromatography and 
rotational viscometry. The average molecular weight 
Mw is 12.2  kDa, the polydispersity index is 2.0 and 
the viscosity is 105 mPa·s  (Kuznetsov et al. 2021d). 
Three types of cellulose particles were used as filler, 
namely microparticles (MC, Sigma Aldrich, Ireland), 
nanorods (NC, CNF, Nanografi Nanotechnology AS, 
Germany) and porous composite particles of cellu-
lose with polyethylene glycol (PEG, 35  kDa, Sigma 
Aldrich, Germany) as a binder. Commercial NC pow-
der was pre-dispersed in water at a concentration of 
0.5 wt%. In the first step, the 0.5 wt% suspension was 
stirred on an MR Hei-Tec magnetic stirrer (Heidolph, 
Germany) at 350 rpm for 24 h. The sample was then 
subjected to ultrasonication for 20  min in a UZV-
4.0/1 TTTs (RMD) bath (150 W, 35 kHz, LLC Sap-
phire, Russia) and freeze-dried on the device Alpha 
1–2 LDPlus (Martin Christ, Germany) for 3  days 
under vacuum 0.250  mbar, followed by drying at 
0.030  mbar for 5  h before preparing suspensions in 
PDMS to obtain more reliable results utilizing the NC 
as a filler.

Porous cellulose particle fabrication

Porous particles were produced by the procedure 
similar to previously described for chitosan (Kuznet-
sov et al. 2021d). Cellulose does not dissolve in most 
common solvents, due to its supramolecular organiza-
tion and high crystallinity. Therefore, a PEG binder 
was used to obtain highly porous particles by freeze-
drying. At the first stage, suspensions of NC in aque-
ous solution of PEG were prepared. The ratio of NC 
to PEG was varied, so the composite particles con-
tain 1, 5, 10 and 50 wt% of the polymeric binder. The 
total concentration of NC and PEG in solution was 
1 wt%. The suspensions were pneumatically sprayed 
into a bath with liquid nitrogen forming freezed 
drops. After that, the particles were kept in the refrig-
erator at -24  °C to completely evaporate nitrogen. 
The obtained samples were freeze-dried using Alpha 
2–4 LDPlus  (Martin Christ, Germany) for 3  days at 
a condenser temperature -74  °C under a vacuum of 
0.250 mbar with following final drying at 0.030 mbar 
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for 5  h. Porous particles from PEG were also fabri-
cated as reference. Thus, composite highly porous 
cellulose particles with different content of the binder 
were isolated, hereinafter denoted as C/1%PEG, 
C/5%PEG, C/10%PEG, C/50%PEG, PEG depending 
on PEG content.

ERFs preparation

ERFs with 1.0 wt% filler content were prepared by 
dispersing a selected particle type in PDMS for 72 h 
on an MR Hei-Tec magnetic stirrer (Heidolph, Ger-
many) at 350  rpm. Additionally, ultrasonic treat-
ment was performed for 20 min in a UZV-4.0/1 TTTs 
(RMD) bath (150 W, 35 kHz, LLC Sapphire, Russia) 
before each measurement.

Electron microscopy

The morphology of MC and NC particles was studied 
by scanning electron microscopy (SEM) via a Versa 
3D microscope (ThermoFisher Scientific, USA) in 
a high vacuum mode. The signal was detected from 
secondary electrons with an ETD detector (Ther-
moFisher Scientific, USA). Accelerating voltage and 
current were set up to 2 kV and 33 pA, respectively. 
A thin layer of gold was applied to the sample sur-
face before measurements were done to minimize 
the accumulation of electric charge. The morphol-
ogy of porous particles was performed using a Phe-
nom XL microscope (ThermoFisher Scientific, USA) 
equipped with backscattered and secondary electron 
detectors at pressure of 0.1 Pa and accelerating volt-
age of 5 kV. Additionally, suspension of 0.1 wt% NC 
in water was studied by transmission electron micros-
copy (TEM). The measurements were performed via 
a Titan 80–300 microscope (ThermoFisher Scientific, 
USA) at accelerating voltage of 300 kV. Samples for 
TEM studies were prepared using negative staining. 
At the first stage, the surface of copper grids with a 
Pelco Pure C carbon substrate (Ted Pella Inc., USA) 
was hydrophilized using glow discharge treatment 
in a Pelco EasiGlow setup (Ted Pella Inc., USA) for 
30 s at a current of 25 mA and pressure of 0.26 mbar. 
Next, a negative staining procedure was performed 
using 1.0 wt% uranyl acetate solution (Ted Pella Inc., 
USA) according with to the well-known protocol 

(Hajibagheri 1999). Particle size distribution dia-
grams were calculated manually using ImageJ soft-
ware. At least 100 particles were used during data 
processing.

Optical microscopy

To qualitatively study the dispersion of commercial 
and freeze-dried cellulose in water and PDMS further 
characterization of suspensions by optical microscopy 
was performed using the Carl Zeiss Axio  Imager.
M2m microscope. Measurements were performed 
in two modes: with and without crossed polarizers. 
Substances were placed between glass coverslips. A 
5 × magnification objective was used. Image process-
ing was performed in the Axio Vision program.

Infrared spectroscopy

The chemical structure of the cellulose filler particles 
of various morphologies was confirmed by infra-
red (IR) spectroscopy. The measurements were per-
formed on a Nicolet iS5 IR Fourier Transform spec-
trometer (Thermo Fisher Scientific, USA) with an 
iD5 ATR accessory with a diamond crystal. IR spec-
tra were measured in the range of 500–4000  cm−1 
with a resolution of 4 cm−1.

Wide‑angle X‑ray scattering

The structure of the fillers was studied by wide-angle 
X-ray scattering (WAXS) at BioMur beamline of 
Kurchatov synchrotron radiation source (Russia). The 
used wavelength was λ = 1.445 Å, 2D detector Dectris 
Pilatus 1 M was used. The powders of MC and NC 
were measured in X-ray capillaries (Hilgenberg, Ger-
many) with wall thickness of 10 μm and diameter of 
1.5 mm, while porous particles were placed between 
two Kapton rollers fixed by an annular holder. The 
sample-detector distance was calibrated using silver 
behenate (d001 = 58.38 Å). The distance between the 
measuring cell and the detector was 150  mm. The 
exposure time depended on the scattering intensity of 
the sample and was varied for filler powders from 10 
to 300 s. Primary processing of 2D images was per-
formed using the Fit2D program (ESRF, France). The 
crystallinity degree of the studied samples was cal-
culated by the following equation (Park et al. 2010): 
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crystallinity degree CD (%) = 100 × Sc / St, where Sc 
represents the area of the crystalline domains and St 
the area of the total domains, respectively.

Rheological tests

Rheological measurements were performed via a rota-
tional rheometer Physica MCR 501 (Anton Paar, Ger-
many) with the geometry of concentric cylinders, meas-
uring cell CC-27E (ISO 3219). All measurements were 
performed with an electrorheological setup (Anton 
Paar, Germany) without any additional modifications. 
A constant electric field up to 7  kV/mm was applied 
from an external source FuG HCP 14—12500 MOD 
(FuG Elektronik GmbH, Germany). The gap between 
the cylinders was 1 mm, and the cell volume was 20 ml. 
The measurements were performed in the controlled 
shear stress (CSS) mode to determine the static yield 
stress. The shear stress was varied from 0.1 to 100 or 
500 Pa depending on the sample and the electric field 
strength. The measurement time was changed accord-
ing to a logarithmic law from 10 to 5 s per point for 100 
points range. The test was performed with a sequential 
increase in shear stress. The yield stress was deter-
mined from the typical sharp break in the flow curve 
in linear coordinates. The flow and viscosity curves 
were defined in the controlled shear rate (CSR) mode. 
The measurements were performed with a sequential 
increase of the shear rate from 0.01 (for measurements 
without an electric field) and from 0.1 (under an elec-
tric field) up to 1000 s−1. The range was 10 points per 
decade, with the measurement time per point chang-
ing from 100 to 1  s according to the logarithmic law. 
Frequency sweeps of the storage and loss moduli were 
obtained at the low deformation amplitude (0.1%) in 
the linear range of visco-elasticity. The measurements 
were performed by decreasing the frequency from 500 
to 0.1 rad/s in an automatic mode. The data were pro-
cessed using the Rheoplus 3.40 software package and 
the Origin software.

Sedimentation stability

Sedimentation stability of suspensions was evaluated 
for 3 weeks at room temperature by the sedimentation 
ratio. It is the ratio of the colloidal phase height to the 
entire fluid height.

Results and discussion

Fillers morphology

Typical micrographs of different types of cellulose 
particles are shown in Fig.  1. Surprisingly, micron-
sized particles are observed in the SEM images for 
both the MC and NC powders (Fig. 1a, b). One can 
see a higher aspect ratio of "microfibrils" of the NC 
sample and their smoother surface compared to MC. 
However, macrofibers are destroyed to individual 
nanocrystals when NC powder is dispersed in water 
(Fig. S1a,b) in contrast to MC sample that retains its 
morphology. That is why, freeze-dried NC particles 
from an aqueous dispersion were used as a filler. TEM 
images demonstrate highly anisometric nanoparti-
cles with dimensions of 100 ± 20  nm in length and 
6 ± 1  nm in diameter, with an aspect ratio of 16 ± 2 
(Fig.  1c). Calculated aspect ratio is about 5 times 
higher than that for the MC sample with the aver-
age diameter, length and aspect ratio of 11 ± 4  µm, 
34 ± 12  µm and 3 ± 1, respectively (Fig.  S2). It is 
worth noting that commercial CNFs retain the mor-
phology of macrofibrils in PDMS. However, freeze-
dried NC particles, are not completely transformed 
into nanocrystals when dispersed in PDMS as well. 
According to optical microscopy, a single aggregates 
of micron-sized particles are observed in the suspen-
sion in contrast to directly mixing the commercial 
CNF with PDMS (Fig.  S1c,d). Unfortunately, an 
accurate quantitative estimation of the nanoparticles 
and residual microfibrils fraction in the dispersion is 
complicated. The related experimental difficulties are 
discussed in the appropriate section of Supplementary 
Information. Thus we assume that the majority of the 
freeze-dried NC particles in PDMS are nanocrystals.

Porous particles have a mainly spherical morphol-
ogy with open pores of various sizes regardless of 
composition. Figure  1d shows C/1%PEG particles 
as an example. The size of particles is  on micron 
scale, the pore size reaches several microns, form-
ing a structure of penetrating channels. The porosity 
of the particles is higher than 90%. Images for porous 
particles of other compositions are presented in 
Fig.  S3. The particle diameter distribution diagrams 
show quite a wide distribution (Fig.  S4), due to the 
viscosity variation of solution during the spraying 
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process of filler fabrication (Kuznetsov et al. 2022b). 
The most expected value of diameters for C/1%PEG, 
C/5%PEG, C/10%PEG, C/50%PEG are 70, 100, 100, 
and 150 µm, respectively.

Chemical structure of fillers

All fillers were characterized by IR spectroscopy, 
the corresponding spectra are shown in Fig. 2a, b. A 
strong broad band in the region of 3600–3000 cm−1 is 
assigned to stretching vibrations of hydrogen-bonded 
O–H groups. Three types of hydrogen bonds can be 
distinguished in the cellulose structure, two are intra-
molecular (3OH⋯O5, 3336  cm−1 and 2OH⋯O6, 
shoulder at ~ 3500  cm−1) and one is intermolecular 
(6OH⋯O3′, shoulder at ~ 3200  cm−1) (Cichosz and 
Masek 2020). The maximum at 3336 cm−1 designates 
that intramolecular hydrogen bonds are more pro-
nounced. The absorption maximum at 2900 cm−1 cor-
responds to stretching vibrations of the C–H group. 
An intense band with a maximum at about 1640 cm−1 
belongs to the bending vibrations of the O-H groups 

of adsorbed water (Kassab et  al. 2020). The peaks 
observed in the region of 1429–1316  cm−1 and 
1056  cm−1 correspond to bending vibrations of the 
C–H bond (Chen et al. 2016). The bands in the region 
from 800 to 1200  cm−1 are attributed to stretch-
ing vibrations of C–O, C–C and ring structures, as 
well as to external bending vibrations of CH2, COH, 
CCO, CCH groups. The band of stretching vibrations 
at ~ 900  cm−1 in the spectrum of cellulose indicates 
an asymmetric vibration of the ring in antiphase and 
vibration of the C1 atom and four surrounding atoms 
in the spectra of β-glycoside structures  (Zhao et  al. 
2017; Kassab et al. 2020). The absorption maximum 
at 1595  cm−1 for the NC sample can be associated 
with the stretching vibrations of the aromatic C = C 
bond (Wu et al. 2019; Melikoğlu et al. 2019) or may 
be caused by the presence of C = O stretching vibra-
tion of carboxyl group (Kassab et al. 2020).

The IR spectra of composite cellulose particles 
with PEG as well as individual components are pre-
sented in Fig.  2b. Absorption bands at 2920 and 
2885  cm−1 belong to the PEG alkyl chain, and the 

Fig. 1   SEM micrographs 
of MC (a), NC (b) and 
C/1%PEG porous particles 
(d) powders. Typical TEM 
image of a 0.1 wt% aqueous 
solution of NC (c)
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peaks in the ranges of 1480 and 1200  cm−1 corre-
spond to the C–H bending vibrations and the C–O–C 
stretching vibration of the ether group, respectively 
(León et  al. 2017). The intensity of PEG character-
istic peaks increases with concentration in the parti-
cles, as was expected. It should be noted that C–O–C 
stretching peaks of PEG overlap with the absorption 
bands of cellulose. Thus, one can assume an increase 
in the concentration of PEG in the composition of 
particles by an increase in intensity of C–H bending 
bands.

WAXS studies allow confirming the nature of fill-
ers and evaluating the crystallinity degree (Fig. 2c, d). 
Cellulose is known to exist in several polymorphic 
modifications (I–IV), which are able to transform into 
each other (French 2014). Cellulose I is present in a 
large number of organisms, with Iα occurring in algae 
and bacteria, and Iβ being more common in plants 

(Jin et al. 2016). Both modifications of cellulose dif-
fer in the type of symmetry. Cellulose fillers used in 
the study have high crystallinity and are in Iβ modifi-
cation according to WAXS data. The specific patterns 
are marked in Fig. 2c. Raw integrated scattering data 
without and with absorption correction are provided 
in Fig. S5a,b. The degree of crystallinity and coherent 
scattering length in different directions of the crystal 
are presented in Table 1, apparent peak deconvolution 
is shown in Fig. S5c,d.

Porous cellulose particles with PEG content of 
1, 5 and 10% show several weak crystalline reflec-
tions compared to C/50%PEG sample and pure PEG 
(Fig.  2d). Since the d-spacings of the most intense 
reflections of (032) PEG and (200) of cellulose Iβ 
are close, one can differ the dominating crystal phase 
judging the intensity of (120) PEG and (004) NC 
reflections. All particles with PEG content below 

Fig. 2   IR-spectra (a, b) and WAXS curves (c, d) for the MC and NC powders (a, c) and porous particle powders C/PEG of different 
composition and pure PEG (b, d). The curves are shifted along the y-axis for clarity
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10% show no distinct (120) PEG peak, thus show-
ing prevaling crystalline phase of cellulose. The 
particles with 10% of PEG reveal both PEG and cel-
lulose reflections, while exceeding this value retains 
only PEG reflections, but with low overall degree of 
crystallinity.

Thus, the pure porous PEG particles have high 
degree of crystallinity. The observed features can be 
explained by two factors. PEG is known to be able to 
crystallize (He and Xu 2012; Golitsyn et  al. 2019), 
and moreover show special crystal orientation in con-
fined conditions (Yarysheva et  al. 2017). Therefore, 
when a solution is sprayed into liquid nitrogen, during 
the formation of particles, the solvent crystallizes and 
the polymer chains segregate into the particle walls. 
In the absence of NC in the matrix solution, PEG 
chains are packed and the walls of particles are crys-
talline. The presence of NC in the suspension during 
the preparation of composite particles sterically hin-
ders the stacking of PEG chains leading to crystalliza-
tion hindering. The low intensity of crystalline reflec-
tions of NC in the scattering curves can be explained 
by the low density of the material and the masking 
of scattering by the amorphous material. Neverthe-
less, it was able to detect both crystal lattices simul-
taneously during the phase separation inside particles. 
The degree of crystallinity and the length of coherent 
scattering were determined for porous particles made 
of pure PEG as well (Table 1).

Rheological behavior of cellulose suspensions

The suspensions with 1.0 wt% of various types of cel-
lulose particles in PDMS were prepared to study their 
ER properties. Flow and viscosity curves for pure 
PDMS and suspensions of MC, NC, and C/1% PEG 
particles are shown in Fig.  3. PDMS behaves like a 
Newtonian fluid and its viscosity does not depend 
on the shear rate (Fig. 3b) (Malkin and Isayev 2005). 
When cellulose is added to PDMS, its rheological 

behavior changes. The viscosity of suspensions 
increases regardless of the filler type. Such effect is 
especially noticeable at low shear rates. It should be 
noted that a more significant increase in viscosity and 
the yield stress are observed on the flow curve for the 
C/1%PEG sample compared to MC and NC suspen-
sions (Fig.  3a). Special attention should be paid to 
the flow and viscosity curves of the C/1%PEG sam-
ple. There is a dip at 3  s−1 in the dependences. The 
obtained data can be attributed to various factors, 
including the slip effect, concentration gradient near 
the wall typical for any dispersion, particle structural 
rearrangement, and filler morphological features. 
The reason for such unusual rheological behavior is 
beyond the scope of presented manuscript, however 
short discussion of this issue is presented in Supple-
mentary Information, Fig. S6. The rheological behav-
ior of suspensions filled by porous particles of a dif-
ferent composition is quite similar to the dependence 
shown in Fig. 3 for C/1%PEG sample. Thus, all stud-
ied suspensions reveal weak elastic response followed 
by the formation of a percolation network in the sus-
pension of porous particles.

Preliminary tests of the shear stress dependences 
on time with an incremental change in the electric 
field strength and a shear rate of 0.1 s−1 were provided 
to identify the ER activity of composite particles with 
PEG and evaluate the effect of the composition on 
the ER properties  (Fig. S7a). Suspensions of porous 
PEG particles do not exhibit the ER effect. The shear 
stress of suspensions is unchanged under an electric 
field. The ER response of suspensions appears and 
increases with an increase in the cellulose concentra-
tion in the particles, and shear stress reaches a maxi-
mum at a minimum PEG content (1 wt%). There-
fore, further measurements were performed for the 
C/1%PEG particles suspension, because it is of the 
most interest.

The electric field dramatically affects the rheo-
logical behavior of cellulose suspensions. Figure  3c, 

Table 1   The results of 
WAXS data processing

a Overlap of (032), (1̅32), 
(112), (2̅12), (1̅24), (2̅04), 
and (004) reflections

Sample Degree of crystal-
linity, %

Coherent-scattering length, nm

(1–10) (110) (102) (200) (004)

NC 49.4 6.1 4.6 10.6 7.1 9.8
MC 56.6 5.5 3.4 4.7 5.1 10.0
PEG 78.0 (120) (032)a

16.5 10.1
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d shows the flow and viscosity curves of the studied 
suspensions at electric field strength of 3  kV/mm as 
an example. The corresponding flow curves of the 
samples at other electric field strengths are shown in 
Fig.  S8. For all samples, the yield stress appears on 
the flow curves and their values increase with electric 
field strength (Fig.  3c, Fig.  S8a, c, e). The viscosity 
curves show a corresponding increase in values when 
an electric field is applied. Moreover, the viscosity of 
the suspensions also increases with an electric field 
strength (Fig. S8), Thus, suspensions exhibit the pro-
nounced ER effect. The dependencies indicate the for-
mation and strengthening of the percolation network 
in the suspensions. The decrease in viscosity with 
shear rate is typically explained by the destruction of 
the columnar structures formed by the particles.

The differences in the ER behavior of suspen-
sions are more clearly demonstrated by the depend-
ence of the static yield stress on the electric field 

strength. A significant increase in the values is 
observed with an electric field for all the samples 
(Fig.  4a). The maximum yield stress of 450  Pa at 
7  kV/mm was achieved for 1.0 wt% suspension of 
C/1%PEG particles. Typically, the value of the yield 
stress is directly proportional to the electric field 
strength in the power law of 1 ≤ k ≤ 2 (Kuznetsov 
et al. 2022a). Based on the value of exponent k, one 
can draw a conclusion about the effect of conduc-
tivity and polarization on the mechanism of the ER 
effect. If polarization is the main factor, then k is 
close to 2. The significant contribution of conduc-
tivity in the ER effect leads to a decrease of the 
exponent down to 1.5, and k is close to 1 when the 
polarization is saturated (Seo et al. 2017). It can be 
seen that the slope of the dependencies (exponent 
k) depends on the cellulose particle type (Fig. 4a). 
Thus, the values of the yield stress of 1.0 wt% sus-
pensions proportional to 1.8, 1.5 and 1.2 for MC, 

Fig. 3   Flow (a, c) and viscosity (b, d) curves of 1.0 wt% ERFs filled with MC, NC, and C/1% PEG particles at electric field of 0 kV/
mm (a, b) and 3 kV/mm (c, d). The measurements were performed in the CSR mode
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NC and C/1%PEG suspensions. An exponent value 
of ~ 1.5 has been previously reported for various 
ERF fillers, including chitin, chitosan, and cellu-
lose composites  (Yoon and Kim 2006; Kuznetsov 
et  al. 2021b, d; Kovaleva et  al. 2022b). It is inter-
esting to note that the mechanism of the ER effect 
of MC suspensions in the olive oil medium is more 
complex and reveals a transition from polarization 
to saturated polarization mechanism at a  critical 
electric field of 3  kV/mm (Kuznetsov et  al. 2023). 
The exponent decreases down to 1.2 for ERF filled 
by C/1%PEG particles. There are several possible 
reasons for such behavior, for example hydrogen 
bonds including interactions of the filler with the 
dispersion medium (Spence et al. 2010; Bogdanova 
et al. 2016) or polarization saturation (Huang et al. 

2006). Thus, the mechanism of the ER effect is 
more complex.

The stability of the ER response is of great 
importance for practical applications. Therefore, the 
obtained ERFs were studied in the on/off mode of 
an electric field. The time dependence of the shear 
stress during electric field switching for the studied 
suspensions of cellulose at electric field strength of 
1 kV/mm are shown on Fig. 4b. The shear stress rap-
idly increases under an electric field, indicating the 
formation of columnar structures in the suspension. 
A continuous decrease in shear stress values after 
turning off the electric field is most likely due to the 
relaxation of the structure. Finally, the shear stress 
is almost reduced to its original value. It should be 
noted that the degradation of shear stress values with 

Fig. 4   Yield stress as a function of electric field strength for 
1.0 wt% suspensions of cellulose particles of various mor-
phologies in PDMS in double logarithmic scale (a). Measure-
ments were performed in CSS mode. Shear stress as a function 
of time under switching an electric field of various cellulose 

suspensions (b). The measurements were performed in the 
CSR mode at a shear rate of 1  s−1 and electric field strength 
of 1 kV/mm. Frequency dependences of storage (G’) and loss 
(G’’) moduli of the samples at electric field of 0  kV/mm (c) 
and 1 kV/mm (d)
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the number of cycles is observed for the NC sample, 
which is more noticeable at a strength of 4  kV/mm 
(Fig.  S7b). Such dependence can be related to the 
formation of an equilibrium structure by particles, as 
well as with their aggregation and further formation 
of columnar structures from the resulting aggregates 
instead of individual particles. Nevertheless, all sus-
pensions showed sufficient reproducibility of rheo-
logical properties under cyclic exposure to an electric 
field of various strengths. Thus, suspensions can be 
considered for further practical applications.

More detailed information about the balance 
between elastic and viscous components in suspen-
sion behavior can be provided by oscillatory rheo-
logical tests. The frequency dependences of the stor-
age and loss moduli were determined for the studied 
ERFs to confirm the elastic behavior of the suspen-
sions and the appearance of the yield stress under an 
electric field (Fig. 4c, d). The loss modulus increases 

with angular frequency for all studied samples with-
out an electric field (Fig.  4c). The storage modulus 
values are lower than those of loss modulus for MC 
and NC suspensions indicating the viscous behavior 
of the samples and confirming no yield stress of sus-
pensions (compare with Fig. 3a). However, the stor-
age modulus is practically independent on frequency 
in studied range and exceeds the loss one for the ERF 
filled by porous C/1%PEG particles. Such depend-
ence confirms the percolation network formation in 
the suspension and also indicates the predominance 
of the elastic component in the rheological behavior 
of the sample.

The storage modulus exceeds the loss modulus 
for all ERFs under study in the entire frequency 
range under an electric field (Fig.  4d). The values 
of storage modulus for MC and C/1% PEG suspen-
sions weakly depend on frequency, but increase 
for NC suspension. Such dependence confirms the 

Table 2   Relative efficiency 
of 1.0 wt% ERFs

Electric 
field, kV/
mm

MC NC C/1%PEG

Efrel, rel. un. Keff, rel. un. Efrel, rel. un. Keff, rel. un. Efrel, rel. un. Keff, rel. 
un.

1 26 2600 45 4500 15 1500
2 73 3600 120 5800 29 1500
3 150 5200 220 7500 53 1800
4 220 5600 300 7400 82 2000
5 440 8900 510 10300 100 2000
6 540 9100 760 12600 130 2100
7 810 11600 900 12800 140 2000

Fig. 5   The sedimentation ratio (R) dependences of ERFs filled with different types of cellulose particles. Scheme of the sedimenta-
tion process for MC and NC particles (I) and porous filler particles (II)
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increase in elastic response of the suspension and 
the yield stress indicated by the flow curves. Thus, 
the elastic component predominates in cellulose 
suspensions, when an electric field is applied, and 
a strong ER effect is observed, which is more pro-
nounced for composite cellulose particles.

The efficiency of ERFs can be assessed by the 
magnitude of the change in yield stress using the 
following equation (Jang et al. 2019):

where τ0 is the yield stress of fluid, τE is the yield 
stress of fluid at a given electric field strength.

The equation does not take into account the con-
centration of the dispersed phase and the electric 
field strength. Therefore, it does not allow a correct 
comparison of the fluids efficiency with different 
compositions. For this reason, an equation has pre-
viously been proposed that takes these parameters 
into account (Kuznetsov et al. 2022a):

where Erel is the normalized electric field strength, 
rel. un.; �p is the filler fraction, rel. un.

Such assessment reveals the contrast of changes 
in the rheological response of fluids under an elec-
tric field (Table 2). For MC and NC fluids without 
yield stress, a shear stress value of τ0 = 0.1 Pa was 
used for the calculations. It can be seen, that the 
most pronounced change in rheological behavior is 
observed for the NC suspension.

Sedimentation stability of cellulose suspensions

An important characteristic of liquid disperse systems 
is sedimentation stability. Figure 5 shows the depend-
ences of the sedimentation ratio (R) on time. The 
stability of MC and NC suspensions turned out to be 
qualitatively the same and low. The equilibrium sedi-
mentation ratio is ~ 25% regardless of the filler type. 
However, the suspension of NC particles reaches an 
equilibrium ratio for a longer period of ~ 5  h than 
for MC particles (2  h). The observed results indi-
cate better aggregation stability of nanosized par-
ticles, but poor compatibility of both MC and NC 
particles with PDMS and their aggregation followed 

Ef rel =
�E − �0

�0

,

Keff =

�E − �0

�0Erel�p

,

by sedimentation. Nevertheless, the suspension of 
porous particles demonstrates improved sedimenta-
tion stability. The sedimentation ratio is more than 
95%. The observed extremely high sedimentation sta-
bility of porous particles was explained earlier and is 
associated with the formation of an equilibrium col-
loidal phase due to the penetration of the dispersion 
medium molecules into the particles pores (Kuznet-
sov et  al. 2021d). The differences in the sedimenta-
tion process of various types of cellulose particles are 
schematically shown in the Fig. 5. Thus, the porosity 
of the particles improves the sedimentation stability 
of ERF in several orders of magnitude and opens up 
possibilities for the long-term use of such fluids.

Conclusions

The morphology and chemical structure of cellulose 
particles strongly affect the ER behavior of low-filled 
fluids in PDMS. Based on the previously proposed 
approach, a novel highly effective filler was devel-
oped, namely, porous composite particles of cellu-
lose with PEG as a binder. It was shown that only 1.0 
wt% of the binder is enough to obtain and maintain 
the shape of highly porous particles. The morphol-
ogy of cellulose has a significant effect on the ER 
response and sedimentation stability of suspensions. 
The yield stress values of fluids under electric field 
increase from microparticles to nanorods and to 
highly porous composite particles. Thus, nanorods 
with a higher aspect ratio than microparticles exhibit 
higher ER activity. However, the greatest ER effect in 
terms of the yield stress was obtained for ERF filled 
with porous particles. The yield stress of suspension 
reaches 450 Pa at 7 kV/mm and only 1.0 wt% of filler. 
This value is extremely high for such a low filler con-
centration. Meanwhile, the NC suspension shows 
the most pronounced change in rheological behavior 
under electric field. All the  studied ERFs showed a 
stable response under switching electric field and can 
be used for practical applications. MC and NC have 
poor sedimentation stability in PDMS, the equilib-
rium sedimentation ratio of suspensions was ~ 25%, 
regardless of the particle type. The high porosity of 
the particles made it possible to increase the sedi-
mentation stability of suspensions. After 3  weeks 
of the experiment, the sedimentation ratio remained 
at a high level of about 95% due to the long-term 
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formation of an equilibrium colloidal phase. Thus, the 
porosity of the particles makes it possible to improve 
the operational characteristics of the ERF, namely, to 
reduce the concentration of suspensions,  to increase 
the ER response and the sedimentation stability of the 
obtained materials.
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