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Abstract

Effect of in situ formed silver nanoparticles doping on electrorheological response of

highly porous chitosan particles in suspensions of polydimethylsiloxane (silicone oil)

is considered. Silver nanoparticles are directly reduced by chitosan from solution.

Highly porous chitosan particles with different silver content are fabricated by spray-

ing from solution followed by freeze-drying. A high and stable electrorheological

response of suspensions in wide range of electric field strength is observed at a very

low filler content of 1 wt%. The nature of the electrorheological effect is considered

from the standpoint of dielectric spectroscopy. The activation energies of polariza-

tion processes are determined from the temperature dependences of the dielectric

loss modulus. The study shows the opportunity to control the properties of stimuli-

responsive materials by changing the structure and physicochemical properties of the

functional filler. This approach opens up new possibilities for creating materials with

high performance and predetermined properties.
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1 | INTRODUCTION

Wide possibilities for applications Chitosan is a polysaccharide, a

derivative of chitin, the second most abundant polymer in nature. This

polymer has a large number of free amino and hydroxyl side groups,

which results in combination of various unique physicochemical prop-

erties.1 Chitosan is a biodegradable, biocompatible and non-toxic

polymer,2,3 with pronounced antimicrobial and antioxidant proper-

ties.4,5 The listed properties make chitosan materials attractive for

researchers due to the great application possibilities in regenerative

medicine,6,7 flexible compact wearable devices such as energy storage

devices, biosensors, probes, etc.8,9

One of the shortcomings of chitosan matrices for electronic devices

is insufficient electrophysical characteristics such as dielectric permittivity

and conductivity. Therefore, to improve these parameters, chitosan is

doped with weak acids,10 conductive polymers,11 or inorganic nanostruc-

tured additives,12,13 various metal ions and nanoparticles (Fe, Cu, Ag, Au

etc.).14–16 Silver nanoparticles have several advantages over other dop-

ants, while highly conductive (�6 � 107 S cm‑1), silver is less likely to oxi-

dize or corrode. Due to its original characteristics, silver is used for
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antibacterial materials,17–19 as well as additives to improve the physical

properties of materials.20 For instance, polymer composites pastes with

silver nanoparticles have excellent electrical and thermal conductivity,

which is applicable to LED packages and various electronic applica-

tions.21,22 In addition, silver nanoparticles are actively considered for sen-

sors because of their superior optical properties.23,24 Combined with

polymers, silver is useful for flexible conductive materials for wearable

electronics.25,26

It should be noted that silver nanoparticles could be reduced in

solution by chitosan from silver nitrate. Thus, chitosan acts as a reduc-

tant and prevents the strong aggregation of nanoparticles during syn-

thesis.27,28 It is possible to achieve a chitosan-silver composite with

the most optimal properties for specific applications by varying some

parameters, such as the concentration of chitosan and silver, the

molecular weight of chitosan, temperature, recovery time, etc.

One of the modern applications of chitosan is as a filler for elec-

trorheological fluids (ERFs). ERFs are smart materials capable of fast

and reversible transition from viscous to solid state under external

electric field. Typically, ERFs are suspensions consisting of liquid

dielectric media, often silicone oil, and easily polarizable filler parti-

cles.29 The main mechanism of the effect is associated with differ-

ences in the dielectric permittivity and conductivity of the filler and

the medium leading to polarization of particles in electric field and

columnar structures formation.30 ERFs have great potential in various

fields of technology such as dampers, clutches, robotics, sensors,

microfluidics etc.31 That is why the search for new fillers revealing

electrorheological activity is an urgent task.

Suspensions of chitosan in dielectric liquids are ERFs. Degree of

deacetylation affects the electrophysical properties of chitosan and as

a result the intensity of the electrorheological effect. Thus, pristine

chitin and chitosan with a very high degree of deacetylation show

reduced efficiency compared to average degrees of deacetylation,

when a balance between amino and aceto groups is achieved, result-

ing in enhanced value of dielectric permittivity.32 However, it is

known that a high electrorheological response can be achieved

through the additional particle shape effect.33,34 Particles with a high

aspect ratio are oriented under an electric field and are able to form a

percolation network at fillings of just several wt%. The pronounced

orientation of anisometric particles leads to an increase in the electro-

rheological effect in contrast with isotropic fillers.35–39 Recently, a

high electrorheological response of chitin nanorods with an aspect

ratio of �70 was reported. The fluid reveals stable response with elec-

tric field strengths up to 7 kV mm�1, and the yield stress reaches

about 220 Pa at the filler concentration of 1 wt%.40

Utilizing fillers with porous structure opens up new perspectives

for the development of ERFs.41,42 Recently, highly porous chitosan

particles were considered as filler for ERFs.43 Preliminary formation of

a polymer mesh combined with interpenetrating macropores in the

particle structure results in extremely high sedimentation stability and

electrorheological response even at 1 wt% of filler content. The yield

stress of such fluid reaches �600 Pa at 7 kV mm�1. Similar perfor-

mance is typically shown by fluids with an order of magnitude higher

filler content.44–46 Moreover, such fluids show stable response in a

wide temperature range which is of great importance for real practical

application.47 The natural oils and fillers allow to create completely

eco-friendly ERFs,48–50 so polysaccharides are promising candidates

from this point of view as well.51,52

One of the ways to increase the electrorheological response is to

change the electrophysical characteristics of the filler with surface

modification or doping.53–55 Several studies have shown that the

incorporation of small inclusions into the structure of the filler leads

to a change in the polarizability of the particles and optimization of

the relaxation time, which significantly enhance the electrorheological

response of fluids. For example, TiO2 particles inlaid with nanocarbon

clusters with jujube cake structure56 and TiO2-based ionogel nanopar-

ticles (TiO2-[Dsim]Cl) were obtained as fillers. Thus, the combination of

two approaches, such as the formation of a developed highly porous

structure of the filler and the incorporation of electrosensitive nano-

particles into it, will allow the development of novel effective ERFs.

The fundamental possibility of a composite highly porous chitosan

particles production was shown previously by cellulose doping.57 The

aim of this study was to verify if the silver nitrate content in chitosan

solution affects the kinetics of silver nanoparticles reduction and

adjusts the electrorheological behavior of porous chitosan/silver parti-

cles in silicon oil.

2 | MATERIALS AND METHODS

2.1 | Preparation of filler particles

Chitosan (ChitoClear 43000—HQG 10, Primex, Iceland) with an aver-

age molecular weight of 80 kDa58 and silver nitrate (AgNO3, ACS

Reagent, ≥99.0%, Honeywell Fluka, USA) were used for the prepara-

tion of precursor solutions. The chitosan/silver nitrate solutions of

1 wt% in a 2 wt% aqueous acetic acid with a ratio of components by

weight 1/0.10, 1/0.21, 1/0.52 and 1/1.04 were obtained and kept in

a dark place at a temperature of 60 �С for 5 days for the growth of sil-

ver nanoparticles. From here on the filler composition is denoted

according to these component ratios. The maturation time was opti-

mized according to spectrophotometry and cryo-electron microscopy

studies. Filler particles were obtained according to the universal

method proposed previously.59 Briefly, the selected dispersion was

sprayed into a bath of liquid nitrogen to form frozen spherical parti-

cles. Next, the particles were collected and kept at a temperature of

�24�C to remove nitrogen, followed by freeze-drying via Alpha 2–4

LDplus (Martin Christ, Germany) for 3 days at 0.250 mbar with fol-

lowing final drying at 0.030 mbar within 10 h until the frozen solvent

(acetic acid solution) was completely removed. Low concentration of

pristine solutions provides high porosity of the received particles.

2.2 | Preparation of ERFs

ERFs were prepared as follows. The required amount of porous com-

posite particles of selected composition were dispersed into the
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silicon oil (low molecular weight polydimethylsiloxane – PDMS) (PMS-

100, Penta Junior LLC, Russia) by a magnetic stirrer during 48 h until a

homogeneous suspension was formed. The average PMS-100 molec-

ular weight (Mw) of 12.0 kDa and polydispersity index of 2.0 were

determined by size exclusion chromatography using RI detector

Smartline RI 2400 (Knauer, Germany). The concentration of ERFs with

fillers of various composition was 1 wt%. The filler volume fraction

depends on the ratio of chitosan to silver and is estimated in Table S1.

Before measurements all samples were sonicated for 20 min by UZV-

4.0/1 TTTs (RMD) ultrasonic bath (150 W, 35 kHz) (Sapfir LLC,

Russia). The colloidal stability of suspensions was evaluated by sedi-

mentation ratio of colloid phase height to total fluid height during

90 days due to high viscosity of dispersion media and slow sedimenta-

tion process.

2.3 | Ultraviolet–visible spectrophotometry

The formation of silver nanoparticles was controlled by Ultraviolet–

visible (UV) spectrophotometry using UV-3000 (Shimadzu, Japan)

instrument in transmission mode in the wavelength range of 300–

800 nm. Dispersions of 1 wt% chitosan in 2 wt% acetic acid with dif-

ferent content of AgNO3 (ratios 1/0.10, 1/0.21, 1/0.52 and 1/1.04)

were measured in quartz cuvettes (Hellma 100-QS), the optical path

length was 10 mm. Since the effective optical density of the samples

exceeded 4 abs., the optical path length was reduced down to 2 mm.

The data were normalized to the corresponding difference in optical

path length in the final spectrophotometric data plots. Since the effec-

tive optical density at a path length of 2 mm exceeded 4 abs. again,

the samples were diluted with 2 wt% acetic acid solution, followed by

normalization of the results by the degree of dilution. Thus, UV spec-

trophotometric data were obtained for dispersions over a period up

to 60 days with measured effective absorbance up to 60 abs.

2.4 | Cryo-transmission electron microscopy

Lacey carbon grids (Ted Pella, USA) were glow-discharged with

PELCO easiGlow (Ted Pella, USA) at 25 mA plasma current for 30 s

and 3 μl aliquots of sample solutions were applied onto them after-

ward. Then samples were rapidly plunge-frozen in liquid ethane using

Vitrobot Mark IV (Thermo Fisher Scientific, USA) after blotting for

1.5 s using filter paper at 4�C and 100% humidity. Resulting vitrified

samples were examined with Titan Krios (Thermo Fisher Scientific,

USA) cryo-TEM equipped with spherical aberration image corrector

(CEOS, Germany) at 300 kV in low dose mode using EPU software.

2.5 | Scanning electron microscopy

SEM imaging and EDX analysis were performed using a Phenom XL

instrument (Thermo Fisher Scientific, USA) equipped with backscat-

tered and secondary electron detectors, as well as Amptek X-123SDD

EDX detector. Pressure was 0.1 Pa, an accelerating voltage was 5 kV

for SEM imaging and 15 kV for EDX analysis.

2.6 | Fourier transform infrared spectroscopy

The composition of the composite fillers and pristine chitosan was

studied by Fourier transform infrared spectroscopy (FTIR) with a

Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, USA) using

an iD5 ATR accessory. The study was performed in the range of 550–

4000 cm�1.

2.7 | Optical microscopy

Frozen chitosan particles doped by silver nanoparticles were studied

by polarized optical microscopy using Axio Imager.M2m microscope

(Сarl Zeiss, Germany) in the crossed polarized light condition. Temper-

ature conditions of �10 �C were achieved by means of cooling sys-

tem LNP95 with a Linkam stage THMSG600. Particles from the

dispersion in liquid nitrogen were applied to a glass slide using a pre-

cooled spatula to avoid sample melting. Next, the glass slide was

quickly placed in the Linkam stage under the measurement conditions.

Images were obtained at various magnifying powers. Image analysis

was performed using Axio Vision software. Series of microphoto-

graphs taken at various focus distances were joined resulting in a sin-

gle focused image using the “Stack focusing” algorithm with ImageJ

software.60 Algorithm finds particle edges in each image inside the

series and then joins them.

2.8 | X-ray scattering

The small (SAXS) and wide (WAXS) angle X-ray scattering studies

were performed at BioMur beamline of Kurchatov synchrotron radia-

tion source (Russia, Moscow). The wavelength was λ = 1.445 Å and

the 2D detector was Dectris Pilatus 1 M. The distance between sam-

ple cell and detector was varied from 150 to 2500 mm. Filler powders

were examined in open-ring cells. The exposure time depended on

the scattering intensity of the sample and varied from 10 to 300 s for

studies in small and wide angles, respectively. Silver behenate

(d001 = 58.38 Å) was used as reference in all tests. Primary processing

of 2D images was carried out using the Fit2D program. The primary

processing of the SAXS data was performed using an open source

software ATSAS.61

2.9 | Rotational viscometry

Rheological behavior of suspensions were studied on Physica MCR

501 rheometer (Anton Paar, Germany) equipped by two coaxial cylin-

ders measuring cell (CC-27E) in the range of electric field strengths

from 0 to 7 kV mm�1. The electric field was supplied from the
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constant high voltage source FuG HCP 14–12500 MOD (FuG Elektro-

nik GmbH, Germany). The flow and viscosity curves were detected in

control shear rate (CSR) mode in the range of shear rate from 0.01 to

1000 s�1. The dependence of the static yield stress on the electric

field strength was measured in control shear stress (CSS) mode. To

determine the loss and storage moduli the dynamic measurements in

oscillation mode were performed at the strain amplitude value of

0.1% in the linear range of viscoelasticity. All data were obtained at

the temperature of 20�C. The data were processed by the Rheoplus

3.40 software.

2.10 | Dielectric spectroscopy

The Novocontrol Alpha-A high-resolution impedance analyzer with the

Quatro Cryosystem temperature control system and ZGS Alpha-A active

sample cell equipped with Liquid Parallel Plate Sample Cell Novocontrol

BDS1308 (Novocontrol Technologies GmbH & Co. KG, Germany) was

used to collect impedance spectra in the temperature range from 0�C to

50�C in steps of 5�C. As-prepared ERFs under study were loaded into liq-

uid sample cell. The distance between disk electrodes was separated by a

Teflon spacer of 2 mm, the sample area was 214 mm2. Measurements

were performed at an excitation voltage of 1 VRMS.

3 | RESULTS AND DISCUSSION

One of the goals of the study was to obtain highly porous chitosan

microparticles with inclusions of silver nanoparticles homogeneously

distributed in the polymer structure. Therefore, the aspect of growth

and agglomeration of silver nanoparticles in the stock solution became

fundamental. The process of nanoparticle formation was studied by

UV-spectrophotometry and cryo-TEM. Already a day after the prepa-

ration of the dispersions, the corresponding UV-spectra show a spe-

cific maximum in the region of 420 nm corresponding to the surface

plasmon resonance (SPR) on the silver nanoparticles (Figure 1A). The

higher the nanoparticles content in the solution, the higher the inten-

sity maximum. The position of the peak is determined by the chemical

nature and size of the nanoparticles (silver in our study), and its width

is associated with polydispersity. Obviously, the intensity of the maxi-

mum depends on the amount of formed nanoparticles, and it is higher

the higher the ratio of silver to chitosan. In addition, we note that the

broadening of the SPR peak is more pronounced at a low ratio, which

is associated with the growth of nanoparticles. Thus, after reduction,

silver atoms form clusters and then nanoparticles. In the case of an

excess of the reducing agent content, that is, a low content of silver

salt compared to chitosan, the diffusion path of reduced atoms and

clusters of silver to the crystallization center is significantly greater

than in the case of a high content of nitrate in solution. Therefore, at

the early stages of reduction, the dispersion of nanoparticles exhibits

a high polydispersity and a low absorbance. Over time, the intensity

of the peak increases for all samples, and the polydispersity of the par-

ticles decreases (Figure 1B). The peak area was used to determine the

relative optical density of the samples corresponding to the relative

degree of silver reduction and nanoparticles formation. Then the cor-

responding kinetic curves were obtained (Figure 1C). It can be seen

that, at the initial stage, the rate of silver nanoparticles formation is

constant: the relative intensity of SPR increases linearly with time.

F IGURE 1 (A) UV spectra of
chitosan/silver dispersions after
heating at 60�C for one day. The
inset shows typical dispersions at
chitosan/silver ratio of 1/0.10
and 1/1.04. The concentration
can be distinguished by the color
saturation of the colloidal
solution. (B) Evolution of UV
spectra of dispersion at chitosan/
silver ratio of 1/1.04 during
several days after heating at
60�C. (C) Optical density peak
area of dispersions with different
chitosan/silver ratio over time.
(D) Analysis of the silver
nanoparticles reduction rate in
solution during the first several
days. The slope α corresponds to
the relative reduction rate
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Further, the dependence changes and the rate of the process slows

down, which is expressed in a time dependence slope change. Note

that the duration of the stage with linear dependence is affected by

the ratio of chitosan to silver in the dispersions as well, and it is longer

in the case of an excess of chitosan. This can be explained by the fact

that, in addition to decreasing the AgNO3 concentration in the solu-

tion, the kinetics of the process is also affected by the chitosan con-

tent acting as a reducing agent. Previously, it was shown that at a

constant concentration of AgNO3 and an increase in the concentra-

tion of chitosan, a greater amount of silver is reduced during 48 h.28

This means that in our case, with an increase in the concentration of

silver salt in the solution, the reduction potential of chitosan

decreases, which leads to an earlier slowdown of the process. It is

important that even after 60 days the process of silver reduction and

nanoparticle growth continues. The mechanism of silver ions reduc-

tion from solution by chitosan molecules and further growth of parti-

cles is still not completely clear. Several reactions are expected to take

place.28 Probably, the process is multi-route, and can also be compli-

cated by nanoparticles aggregation. Thus, it cannot be described by

traditional kinetic equations. Figure 1D shows linear approximation of

the initial stage of the effective absorbance evolution over time. It can

be seen that deviation from linearity is observed at a close chitosan to

silver ratio even in the first few days. At the same time, the slope of

the dependences also differs for dispersions with the different ratio of

components. That is, the higher the concentration of silver in the solu-

tion, the more intense the reduction process.

The uniformity of the dopant distribution (in our study of silver

nanoparticles) in the polymer matrix is important when polymer com-

posite filler is produced. Thus, the aggregation of nanoparticles should

be avoided. The native structure of an acetic acid solution of chitosan

at different periods of reduction was examined by the cryo-TEM

method to study the processes of nanoparticles growth (Figure 2).

The method makes it possible to avoid the artifact agglomeration dur-

ing the sample preparation due to the procedure of rapid freezing of a

thin layer leading to formation of amorphous ice. Note that the

images show the formation of nanoparticles even on the first day

after preparation of solutions, which correlates with UV spectroscopy

data. While the concentration of nanoparticles was quite low for the

solution excess of chitosan (Figure 2A), single nanoparticles and occa-

sional agglomerates were still observed (inset in Figure 2A). A similar

picture was observed with an increase in the concentration of silver in

solution. For example, a sufficiently large number of polydisperse

nanoparticles (Figure 2C) and occasional agglomerates (Figure 2C

inset) were formed on the first day after solution preparation at the

chitosan to silver ratio of 1/1.04. The appearance of accompanying

particles of small sizes in the cryo-TEM images can be associated with

F IGURE 2 Cryo-TEM images
of chitosan/silver dispersions of
1/0.10 (A,B) and 1/1.04 (C,D)
composition at 1 day (A,C) and at
7 day (B,D) after heating at 60�C.
The insets in (A) and (C) show
agglomerates of nanoparticles.
Blue arrows at (a) indicate the
particles
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both the nucleation of new nanoparticles and the reduction of silver

directly under the action of an electron beam.62 Figure 2B,D represent

corresponding solutions at day 7 after preparation. The appearance of

raspberry-like aggregates along with individual particles is observed

for both chitosan to silver ratios. At the same time, there are signifi-

cantly fewer individual particles in a solution with a low silver content.

Therefore, based on the data of UV-spectroscopy and cryo-TEM, the

formation of highly porous particles was carried out on the fifth day

after the solutions preparation to avoid the formation of a large num-

ber of aggregates and to obtain a more homogeneous distribution of

silver nanoparticles in the chitosan matrix.

Thus, four types of polymer particles differing in silver content

were obtained. Particle morphology was studied by SEM.

Figure 3A–D shows typical micrographs of particles depending on the

composition. The images show the formation of a highly porous poly-

mer framework, typical for all compositions. However, several fea-

tures can be distinguished. Thus, at a low concentration of silver

nitrate in the initial solution, a more “loose” fullerene-like structure

with a large number of micron-sized pores is formed (Figure 3A,B).

The structure of chitosan particles becomes denser with an increase

of silver content in the stock liquid, and contains a larger number of

pores, but smaller in size (Figure 3C,D). The average particle size,

regardless of the composition, was about 116 ± 15 μm. The value

exceeds the sizes of previously obtained particles of pure chitosan by

almost two times. Such changes may be associated with the hydrolysis

of chitosan due to keeping the acidic solution at an elevated tempera-

ture leading to a decrease in polymer molecular mass and, as a conse-

quence, a change in viscosity.63 In turn, a decrease in the viscosity is

reflected in an increase in the consumption of the solution during

spraying and an increase in the droplet size. So indeed, the viscosity

of a 1 wt% solution of chitosan in 2 wt% acetic acid decreases exactly

two times after thermostating at 60�C for 5 days (compare 8 and

4 mPa s, respectively). Additionally, the filler particles were subjected

to elemental analysis. The experimental values correlate quite well

with the calculated ones. Thus, it can be concluded that almost all sil-

ver passed from solution into particles. The observed differences in

the structure of chitosan particles are also reflected in the bulk den-

sity (Table 1). The bulk density increases with silver content. At the

same time, it is curious to note that for particles of composition

1/0.10 and 1/0.21, the values turn out to be lower than for pure

highly porous chitosan particles.43 A possible reason for the structural

alterations observed in Figure 3 is the different mechanism of droplets

crystallization in the process of spraying during the formation of parti-

cles. According to the study by Kiani et al.64 at a high freezing rate,

the number of primary nucleation centers is directly proportional to

the concentration of particles in solution, that is, silver nanoparticles

F IGURE 3 SEM images of porous chitosan particles doped by silver nanoparticles of 1/0.10 (A), 1/0.21 (B), 1/0.52 (C) and 1/1.04
(D) composition. Typical optical microscopy images in crossed polaroids of frozen particles at various magnifications (E, F)

6 KUZNETSOV ET AL.



in our case. Thus, the fewer nanoparticles in the solution, the fewer

crystallization centers, and the larger the solvent crystallites formed

and, as a result, the looser structure of porous chitosan particles. Opti-

cal microscopy images of frozen particles (Figure 3E,F) clearly show

the formation of a cellular structure and microphase separation of the

solution components inside the particle. Thus, solvent crystals are

formed during freezing leading to the segregation of the polymer and

nanoparticles with the formation of dense walls. It can be seen that

the grain sizes correlate well with the macropore size in the freeze-

dried particles.

FTIR spectroscopy provides valuable information about chemical

composition of filler particles (Figure 4A). In the IR spectrum of pure

chitosan particles, a broad absorption band is observed in the region

of 3600–3000 cm�1 with peaks at 3359 and 3292 cm�1 and a shoul-

der in the region of higher wavenumbers, formed because of the over-

lapping of N H and O H stretching vibrations. Absorption bands at

2920 and 2875 cm�1 correspond to C H stretching vibrations of

bonds in the methylene groups (antisymmetric and symmetric, respec-

tively), bands at 1379 and 1409 cm�1 are C H bending vibrations

and band at 899 cm�1 is attributed to the C H bending out of the

plane of the ring typical for monosaccharides. The absorption bands

at 1651, 1557, and 1321 cm�1 are called Amide I (C O stretching),

Amide II (N H bending and C N stretching) and Amide III (C N

stretching), while a wide band with a maximum in the region of

3090 cm�1 is the overtone of the Amide II. The band at 1154 cm�1

corresponds to the stretching vibrations of the C O C bridges in the

pyranose ring, and the peaks at 1073 and 1035 cm�1 correspond to

the C O stretching.65

During the reaction of chitosan with silver ion, the latter is

reduced to silver, which can interact with the functional groups of the

polymer. Therefore, noticeable changes in the IR spectra of composite

particles are observed. Thus, the Amide I and II bands shift toward

lower wavenumbers indicating the interaction of silver nanoparticles

with the NH2 groups of chitosan,27,66 while the position of the

absorption bands C O and C O C does not undergo significant

changes. In addition, as the silver content in the samples increases,

there is a noticeable increase in intensity of the absorption bands in

the region of 1550–1300 cm�1. An increase in the intensity of these

absorption bands may be associated with the appearance of stretch-

ing vibrations (antisymmetric at �1520 cm�1 and symmetric at

�1390 cm�1) of the carboxylate anion, which may indicate the forma-

tion of silver acetate, due to interaction of silver with acetic acid.67

Moreover, a new band appears at 1756 cm�1 attributed to the

absorption of carbonyl groups formed during the oxidation of the

hydroxyl group of the monosaccharide link.27 Another new band in

the region of 825–820 cm�1 can be related with the absorption of

TABLE 1 The silver content and bulk
density of highly porous chitosan
particles depending on the composition

Particles composition 1/0.10 1/0.21 1/0.52 1/1.04

Estimated silver content (wt%) 5.78 11.05 21.72 32.39

Measured silver content (wt%) 6.6 ± 0.5 11.9 ± 2.6 16.7 ± 1.4 36.5 ± 2.2

Bulk density (g/cm3) 0.004 0.004 0.007 0.011

F IGURE 4 FTIR spectra (A),
WAXS (B) and SAXS (C) curves of
porous chitosan particles doped
by various content of silver
nanoparticles. The curves are

shifted along intensity axis for
clarity. The inset in (C) is
Ruhland–Kratky plot. (D) The
sedimentation ratio as function of
time for 1 wt% suspensions of
porous chitosan particles doped
by various content of silver
nanoparticles in silicon oil. The
solid lines are a guide to the eye.
The inset in (D) shows
photograph of the samples after
sedimentation test
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the NO3
� as a residual ion from silver salt.68 The bands at 678 and

618 cm‑1 can be attributed to vibrations of the Ag–O of silver

oxide69,70 possibly forming during the reduction of silver nitrate. It is

obvious that the intensity of these bands increases with the content

of silver in the particles. Thus, the IR spectra confirm the formation of

Ag-containing composite particles.

To determine the crystal structure of nanosilver-chitosan com-

posites X-ray diffraction experiments were carried out in wide angle

transmission setup. While the initial chitosan matrix is amorphous, for-

mation of even low amounts of silver nanoparticles results in appear-

ance of low intensity crystalline reflections of silver and its oxides

(Figure 4B). Thus, the data confirm the recovery of silver from solution

and the formation of silver-containing nanoparticles. Increasing the

chitosan to silver ratio higher to 1/0.52 led to drastic changes in dif-

fraction pattern, showing a set of a rather sharp reflections. This pat-

tern was mostly attributed to silver acetate, crystal pattern of which is

shown for comparison. The crystallite size estimated from Scherrer

equation was roughly 40 nm. Apparently, the amount of chitosan is

high enough to coordinate most of the ions at a low silver content in

the solution. With an increase in the silver content, some of the ions

remain in the solution in the form of weakly bound acetate, which

crystallizes when the solution is sprayed into liquid nitrogen. The

result obtained is extremely important, because it determines the

coordinating ability of chitosan. Note that the intensity of the silver

nanoparticles pattern also increases with concentration against the

background of silver acetate patterns. Thus, depending on the compo-

sition of the stock solution, composite particles of highly porous chito-

san doped with silver-containing nanoparticles of various nature were

obtained.

SAXS method is a promising tool for analyzing the structural orga-

nization of nanoscale objects. Figure 4C shows SAXS curves for filler

powders of various composition. An extended linear section in double

logarithmic scale indicates the fractal structure of the scattering

object and makes it possible to evaluate the morphology of polymer

walls surface. The slope (k) is close to �3.7 well correlating with previ-

ously obtained result for pure porous chitosan particles and indicating

the surface type of the fractal with dimension of 2.3.43 The value of

2.3 is typical for a fairly smooth surface with small roughness corre-

sponding to chitosan segregation into the macropore walls due to the

crystallization of the solvent during freezing. Moreover, a weakly

expressed maximum appears on the curves in the region of 0.15–

0.40 nm�1 with an increase in the silver content in the filler composi-

tion, which is more pronounced in Ruhland–Kratky plot (the inset

Figure 4C). Obviously, the maximum associated with the inclusion of

silver-containing nanoparticles, both pure silver and acetate, in the

structure of the polymer walls. Note that the intensity of the maxi-

mum increases with increasing silver to chitosan ratio. Valuable infor-

mation can be obtained from the position of this maximum to

determine the distance d ≈ 25 nm between scattering objects.

One of the most important properties of any suspension is sedi-

mentation stability reflecting the possibility of the material long-term

use. If the viscosity of the dispersion medium is relatively high, the

sedimentation process is typically prolonged in time and takes hours,

days, and even months. Therefore, the stability of fluids is typically

evaluated by the final sedimentation ratio and by the time it takes to

reach it. Figure 4D shows the dependences of the sedimentation ratio

for 1 wt% suspensions filled with particles of various composition. It

can be seen that the sedimentation ratio reaches a constant value dur-

ing about a month for all samples. The value of the final sedimentation

ratio is associated with the process of colloidal structure formation

from interacting filler particles and is primarily determined by the vol-

ume fraction and density of the filler. A significant level of the equilib-

rium colloidal phase was previously explained by the blotting of highly

porous particles and the penetration of dispersion media molecules

into macropores. It is surprising that the value of the final sedimenta-

tion ratio increases with an increase in the ratio of silver to chitosan in

the particles composition, since the proportion of chitosan, and hence

the number of porous particles, decreases. Indeed, the more silver in

the composition of the particles, the greater weight the particles and

the smaller the number of particles contained in 1 wt% suspension.

Such unusual behavior can be explained quite trivially, namely by the

different structure of the used particles (Figure 3). Thus, a looser poly-

mer framework of particles at 1/0.10 and 1/0.21 composition leads to

a more significant compaction of particles during the formation of the

equilibrium colloidal structure compared to a denser structure of par-

ticles at 1/0.52 and 1/1.04 composition.

Such differences in particle structure should be reflected in the

rheological behavior of suspensions without and under electric field.

The shear stress increases with increasing shear rate for all samples.

The yield curves coincide at shear rate above 10 s�1, the values

increase linearly, and the samples exhibit Newtonian behavior

(Figure 5A). That is, in this shear rate range, the colloidal structure of

the suspension is destroyed and the properties of the fluid are mainly

determined by the properties of the dispersion medium. At lower

shear rates, a deviation from the linear dependence is observed, and

the nature of flow changes. Note the similarity of the curves for sus-

pensions containing particles of 1/0.10 and 1/0.21 as well as 1/0.52

and 1/1.04 composition, which correlates with the SEM data

(Figure 3). Shear stress values at low shear rate are higher for suspen-

sions with a high silver content indicating a more elastic response of

the material. Such effect is caused by a denser structure of the porous

filler particles with higher silver to chitosan ratio.

The behavior of the samples changes under an electric field.

Figure 5B shows the yield curves at various electric field strengths for

1/1.04 sample, as an example. Similar dependencies are typical for all

studied fluids, but to a much lesser extent. A plateau appears on the

flow curves in the region of low shear rates (< 30 s�1) and the shear

stress values increase with an increase in the electric field strength by

several orders of magnitude. Thus, yield stress is revealed and transi-

tion from viscous to solid-like behavior occurs. The transition is

caused by the polarization of the dispersed phase particles and the

formation of columnar structures, which are destroyed during the

shear flow. The data shown in Figure 5B were obtained in the CSR

mode, so during the measurement process, a continuous breakdown-

recovery of the colloidal structure occurs, and the magnitude of the

shear stress is determined by the balance of polarization and shear
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forces.71 The values of the shear stress rise with a significant

increase in the shear rate, the shear forces prevail, and eventually

the flow curves tend to grow linearly. This is the case when the

structure is completely destroyed and cannot be restored by the

electric field. Note that the value of the shear rate corresponding

the transition to the shear forces domination increases with an

electric field. Figure 5C shows the dependences of the static yield

stress on the electric field strength for all the studied ERFs in dou-

ble logarithmic scale. An increase in values is observed both with

the electric field strength and with the silver nanoparticles content

in the filler composition. The slope of corresponding dependencies

designates the mechanism of electrorheological effect. The value

of two is typical for traditional fluids indicating only the polariza-

tion nature of the effect and decreases down to one for mechanism

of saturated polarization. For ERFs under study, the slope of

dependencies weakly depends on filler particles composition and

varies in the range of 1.2–1.4 corresponding to complicated mech-

anism involving conductivity along with polarization.72 Such result

matches with the previously obtained data for suspensions of pure

porous chitosan particles43 and shows that silver nanoparticles

doping does not affect the nature of electrorheological response.

The corresponding values of the current density during rheological

measurements are shown in Figure S1. As expected, the current

density increases with an increase in the electric field strength and

the silver content in the composite filler composition. However,

the values are relatively low and do not exceed 4 μA cm‑2.

The contrast of the change in the rheological behavior of the

ERFs in an electric field can be comprehended by relative efficiency:

Effrel: ¼ τE� τ0ð Þ=τ0ð Þ ð1Þ

where Effrel. is relative efficiency, τE is the yield stress of the ERF at

given electric field strength, τ0 is typically the yield stress at zero elec-

tric field or shear stress at low shear rate of 0.1 s�1. Such assessment

can be rather ambiguous for fluids without yield stress at zero electric

field because of uncertainty in τ0 value, but allows qualitatively ana-

lyze the fluid response. The values of the relative efficiency of ERFs

filled with particles of various composition are summarized in Table 2.

The relative efficiency of ERFs increases with electric field

strength showing higher elastic response. Note the nonlinear change

in the relative efficiency of samples with increasing silver content. The

highest values were obtained for the fluid filled with particles of

1/0.21 composition at all studied electric field strengths. A significant

decrease in the relative efficiency is observed (more than two times)

with an increase in the ratio of silver to chitosan. Two factors lead to

this effect. The first one is a looser particle structure (Figure 3), which

results in a weak visco-elastic response of suspension out-of-field at

studied concentration (Figure 5A). Another one is a proper balance of

F IGURE 5 (A) Flow curves of 1 wt% PDMS suspensions filled with porous chitosan particles doped by silver nanoparticles of 1/0.10, 1/0.21,
1/0.52 and 1/1.04 composition. (B) Flow curves of 1 wt% PDMS suspensions filled with particles of 1/1.04 composition at various electric field
strength. (C) Static yield stress as function of electric field strength for 1 wt% PDMS suspensions filled with porous chitosan particles with various
silver content. The slope corresponds t the mechanism of electrorheological effect. (D) Frequency dependencies of storage and loss moduli of
studied suspensions. (E) Typical changes of moduli under electric field for suspension filled with particles of 1/1.04 composition at several electric
field strength. All data in (D, E) were obtained at the value of strain in linear viscoelastic range. (F) Shear stress as function of time for 1 wt%
PDMS suspensions filled with particles of 1/1.04 composition under switching electric field. Data were obtained in CSR mode at low shear rate
of 1 s�1
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chitosan to silver resulting in full coordination of silver ions and

absence of superfluous silver acetate providing better particle polari-

zation and the formation of stronger structures in electric field.

The frequency dependences of the storage and loss moduli con-

firm the results obtained in shear experiments. Thus, at zero electric

field, all samples show a viscous response: the values of the loss mod-

ulus are higher than the storage modulus. The values of the loss mod-

ulus increase with frequency, but weakly depend on the composition

of the filler particles. A trend toward an increase in the values with an

increase of the silver nanoparticles content in the filler can be identi-

fied, which is consistent with the volumetric filling degree of fluids.

Note that the storage modulus is detected only at low frequencies

(less than 50 s�1) and its values rise with the content of silver nano-

particles in the filler. Such behavior confirms the increase in the elastic

response of fluids with a change in the filler composition and the for-

mation of denser particles at a high chitosan to silver ratio of 1/0.52

and 1/1.04. The storage modulus exceeds the loss modulus under an

electric field in the entire studied frequency range. Moreover, the

values of both moduli increase with increasing electric field strength.

The structure formed under an electric field becomes more elastic.

The results confirm the yield stress and the solid-like behavior of the

ERFs under an electric field. An important property of ERF character-

izing the possibility of its practical application is a stable response in

the on/off mode, which determines the stability of the material cyclic

operation. Figure 5F shows typical dependences of the shear stress

over time under switching electric field at low (1 kV mm�1) and high

(5 kV mm�1) strengths. When the field is turned on, a sharp jump in

the shear stress is observed with a corresponding rapid relaxation

when the potential is removed. It is important to note that, regardless

of the field strength, there is a slight increase in values over time. We

note the hysteresis of properties during relaxation and the duration of

the process in time at a high field strength. When the electric field is

removed, the residual shear stress after several cycles is about 5 Pa

indicating the structure relaxation not to individual particles, but to

secondary aggregates, which are then polarized as a whole and form

the percolation structure faster. Nevertheless, with an increase in the

relaxation time, the behavior of the suspensions return to the original

level. Data clearly show the possibility of cyclic operation and show

reversible and reproducible performance of ERFs even at high electric

fields.

Important information about the nature of electrorheological

effect as well as the explanation of the differences in rheological

behavior of suspensions can be provided by dielectric spectros-

copy studies.73,74 Figure 6A–C displays the frequency dependence

of conductivity, dielectric permittivity and loss factor for studied

ERFs at 20 �C. The values of conductivity, dielectric losses and

polarizability increase non-linearly with increasing silver content.

Thus, the low-frequency conductivity increases by 20% with an

increase in chitosan to silver ratio from 1/0.10 to 1/0.52, and then

increases by almost 300% at a concentration of 1/1.04, which indi-

cates an approach to the percolation threshold of silver-contain

nanoparticles in porous chitosan filler. All the fluids show obvious

dielectric relaxation peaks within the measured frequency range.

Two relaxation processes can be distinguished on the presented

dielectric spectra. Owing to the fact that the relative permittivity

of insulating dispersion media liquid is nearly independent of fre-

quency and the loss factor is two orders of magnitude lower than

in the studied spectra within the measured range, the observed

dielectric relaxation peaks is caused by the polarization process of

filler particles. The dielectric loss peak of the first one is in the kilo-

hertz region of the spectra. Such relaxations are observed in a vari-

ety of ERFs and typically associated with filler particle polarization.

The second relaxation process has a not-resolved loss peak in the

low-frequency region beyond the measurement range. Typically,

the electrode polarization means the development of ionic double

layers formed by ions migrated toward the electrode/sample inter-

face. The presence of a thin layer of insulating PDMS between the

metallic electrode and the sample leads to the impossibility for

steady- and low-frequency current to flow and to the accumulation

of space charge within the sample. Thus, observed relaxation pro-

cess corresponds to the polarization of the entire ERF sample, that

is, colloidal structure formed by porous particles.

It is important to note that the polarization and relaxation of silver

nanoparticles is an extremely fast process. It should be observed in

the region of very high frequencies and is outside the measurement

range as well. Thus, we cannot distinguish the polarization of nanopar-

ticles in the structure of a porous polymer filler, but we can analyze

the effects associated with the influence of silver on the polarization

of the filler as a whole. In order to separate two observed overlapping

relaxation processes and provide a quantitative analysis, the dielectric

TABLE 2 Relative efficiency of ERFs
filled with particles of various
composition

Filler Relative efficiency (rel. un.)

E (kV mm�1) 1/0.10 1/0.21 1/0.52 1/1.04

1 104 112 54 71

2 265 313 151 182

3 465 595 239 290

4 642 768 389 389

5 867 1147 462 512

6 1171 1401 567 672

7 1441 1672 698 746

Notes: The static yield stress data were used for analysis.
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spectra were deconvoluted by the combination of two Cole-Cole

relaxations and a DC conductivity terms:

ε� ¼ ε∞þ Δε1
1þ iωτ1ð Þβ1 þ

Δε2
1þ iωτ2ð Þβ2 þ i

σdc
ε0ω

ð2Þ

where Δε¼ εs�ε∞ is the dielectric relaxation strength, εs and ε∞ is

the limit values of the relative permittivity at the frequencies below

and above the relaxation frequencies, respectively, εs is the static per-

mittivity, ω = 2πf (s�1) is the angular frequency and τ (s) is the charac-

teristic dielectric relaxation time of the process. Exponent β 0 < β ≤1ð Þ
defines the measure of the relaxation time distribution associated

with particles and their clusters (β1 and β2, respectively),

i.e. broadness of the corresponding spectra, σ (Sm�1) is the DC con-

ductivity, ε0 (Fm�1) – electric constant.

Two deconvoluted dispersion spectra of 1/1.04 sample are

shown in the Figure 6D as an example. Cole–Cole plot in the inset

clearly demonstrates the contribution of corresponding relaxation

processes. The relaxation peak in the kilohertz region is revealed for

all samples and is especially well expressed for suspension filled with

particles of 1/1.04 composition. However, such peak was not previ-

ously detected for fluids filled with undoped porous chitosan

particles,43 which seems to indicate significantly increased polariza-

tion of silver-containing particles and affects the electrorheological

activity of the filler. According to the proposed electrorheological

mechanism, the polarization rate of particles is important for maintain-

ing chain-like structures formed by particles dispersed in oil under a

simultaneous influence of both electric and shearing fields. Thus, the

relaxation time of the 10�3–10�6 s as well as high dielectric relaxation

strength is required for a high electrorheological effect. Too low relax-

ation time cannot result in adequate particle polarization during flow,

while too high relaxation time may turn into repulsive interaction

between particles.75 As one can see from the figure, a suspension

with the composition of 1/1.04 has the most preferred electrophysical

parameters at room and higher temperatures. An increase of silver

content increases the dielectric relaxation strength Δε of the individ-

ual particles (2nd process) from 1.1 to 1.9, which is a substantial

growth.

The dielectric loss peaks for suspensions shift to the short-

wavelength region of the spectrum with temperature due to thermal

F IGURE 6 Frequency dependence of conductivity (A), dielectric permittivity (B) and loss factor (C), for suspensions filled with porous
chitosan particles doped by silver nanoparticles of 1/0.10, 1/0.21, 1/0.52 and 1/1.04 composition. (D) Deconvoluted plot ε00 versus f. The inset

depicts the Cole–Cole diagram of presented spectra. The dashed lines illustrate the contribution from each separate dispersion to the total fit.
(E) Frequency dependence of the dielectric loss at various temperatures of 1/1.04 suspension. (F) The relaxation time as a function of reciprocal
temperature

TABLE 3 Parameter values for the Arrhenius-type dependence of relaxation time of the 1st and 2nd processes

Filler composition 1/0.10 1/0.21 1/0.52 1/1.04

1st process Ea (kJ mol-1) 33 ± 1 34 ± 1 36 ± 2 41.3 ± 0.4

2nd process Ea (kJ mol-1) 38 ± 1 37.2 ± 0.3 33 ± 1 35.7 ± 0.3
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activation of the relaxation process (Figure 6E). The plot of average

relaxation time, calculated by fitting the data by Equation 2, as a func-

tion of reciprocal temperature τ¼ f 1000T�1� �
is shown in Figure 6F.

Increasing silver content leads to an almost proportional rise of the

relaxation strength and decrease of activation energy. Thus, the tem-

perature dependence of the relaxation process for all the samples can

be described by the Arrhenius equation:

τ¼ τ0e
Ea
RT ð3Þ

where Ea (Jmol�1) is the activation energy, R (J�K�1�mol�1) is the gas

constant, and T (K) is the absolute temperature.

The Ea values calculated by the slope on the 1000T�1 coordinate

are shown in the Table 3. This Arrhenius-type temperature depen-

dence and the magnitude of the activation energies suggest Maxwell–

Wagner polarization of particles driven by electron hopping mecha-

nism rather than ionic transport, generally influenced by molecular

mobility. The activation energy of σ-relaxation associated with the

hopping motion of ions in the disordered structure for chitosan usu-

ally exceed 80 kJ mol-1.76 Therefore, it can be assumed that the inclu-

sion of silver nanoparticles increases the polarizability of porous filler

particles and affects the electrorheological properties of the studied

fluids.

4 | CONCLUSION

The role of silver dopant on the electrorheological properties of

porous chitosan particles suspensions in silicon oil has been revealed.

A study of the silver recovery from solution by chitosan showed a sig-

nificant effect of the components ratio on the nanoparticles growth.

When the chitosan to silver ratio is less than 1/0.21 by weight, the

number of chitosan units is high enough for almost complete coordi-

nation of silver ions. However, some of the ions remain in solution

with an increase in the silver content leading to additional crystalliza-

tion of silver acetate during the formation of highly porous particles

by spraying into liquid nitrogen. During the reduction of silver ions by

chitosan, the growth of individual nanoparticles is observed accompa-

nied by aggregation in long term with the formation of raspberry-like

particles. The effect of the stock solution viscosity on the size of the

formed highly porous filler particles was found. The viscosity decrease

is caused by a drop in the molecular weight of chitosan due to acidic

hydrolysis at elevated temperature. An approach has been proposed

for the creation of in situ silver-doped highly porous particles exhibit-

ing increased electrorheological activity. The suspensions of polymer

filler particles in silicon oil reveal a pronounced electrorheological

effect under electric field at low concentration of 1 wt%. The intensity

of the effect increases with increasing silver content and is deter-

mined by the electrophysical characteristics of suspensions. The stud-

ied ERFs show suitable sedimentation stability and a stable response

under switching electric field. The yield stress of developed ERFs

under electric field is comparable with compositions at a filler content

an order of magnitude higher, which can reduce the cost of the

material. The prospects of creating hybrid composite fillers to affect

the properties of ERFs have been confirmed. Thus, it is possible to

control the relative efficiency of the material and obtain fluids with a

more contrasting transition from a viscous state to an elastic one by

adjusting the filler structure.
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