
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 o
n 

21
/0

3/
20

16
 1

4:
04

:1
8.

 View Article Online
View Journal  | View Issue
A facile one-step
aDepartment of Chemistry, Collaborative In

and Technology, University of Science an

230026, PR China. E-mail: jiangwq@ustc

ustc.edu.cn; Fax: +86-551-63600419; Tel: +8
bCAS Key Laboratory of Mechanical Behavio

Modern Mechanics, USTC, Hefei 230027, PR
cDepartment of Chemistry and Institute of C

Kowloon, Hong Kong SAR, P. R. China
dEngineering and Materials Science Experime

† Electronic supplementary informa
10.1039/c5ra25759j

Cite this: RSC Adv., 2016, 6, 29279

Received 3rd December 2015
Accepted 18th February 2016

DOI: 10.1039/c5ra25759j

www.rsc.org/advances

This journal is © The Royal Society of C
method to synthesize
SiO2@polydopamine core–shell nanospheres for
shear thickening fluid†

Mei Liu,a Wanquan Jiang,*a Qian Chen,b Sheng Wang,a Ya Mao,a Xinglong Gong,*b

Ken Cham-Fai Leung,c Jie Tian,d Huijuan Wangd and Shouhu Xuan*b

A facile one-step method was developed to synthesize core–shell structured SiO2@polydopamine (PDA)

nanospheres. During the synthesis, a PDA shell was simultaneously coated on the SiO2 nanospheres to

form the core–shell nanostructure. The PDA shell thickness was tunable by varying the concentration of

the starting dopamine precursor. After dispersing the core–shell nanospheres into poly(ethylene glycol)

200 (PEG200), a SiO2@PDA based shear thickening fluid (STF) was obtained. In comparison to pristine

SiO2, the SiO2@PDA based STF presented better ST effects and its maximum viscosity could reach as

high as 194.6 Pa s. A possible enhancement mechanism was proposed in order to investigate the

structural dependence of the ST effect. This high performance SiO2@PDA based STF could be widely

applied in body armor and other safe-guarding areas.
1. Introduction

Shear-thickening (ST) is a type of non-Newtonian ow behavior
in concentrated suspensions, where the viscosity increases
dramatically when encountering an unexpected force. If the
applied shear or striking is beyond the critical value, the uid
becomes thicker and can even transform from the liquid state to
a solid-like state.1–4 Due to this unique reversible ST effect, ST
uids (STFs) have attracted attention for a wide array of appli-
cations such as dampers, “liquid” armor, impact absorbers,
control devices, sports shoe cushioning, rotary speed limiters,
etc.4–7 It has been claimed that shear thickening originates from
hydrodynamic lubrication forces between the dispersed parti-
cles.8–11 Various techniques such as rheo-optical and neutron
scattering, ow-ultra small angle neutron scattering, and fast
confocal rheology measurements have been used to support the
above mechanism.9,10,12,13

During the past few decades, much effort has been expended
on the preparation of high performance STFs and investigation
of their structure dependent rheological properties. Previous
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work has indicated that the mechanical characteristics of STFs
are inuenced by the dispersing particles, the carrier uid, and
any additives.14–20 Among these, the dispersing particles play
a critical role. A large number of natural materials such as
calcium carbonate, silica, alumina, titania, barium sulfate,21

blood cells, cornstarch particles,4 and starch particles22 have
been effective for STFs. Recently, in order to obtain high
performance STFs, man-made particles such as poly(vinyl
chloride) (PVC), poly(styrene-acrylonitrile) (PS-AN), polystyrene
(PS)],4 poly(methyl methacrylate) (PMMA),12 poly(styrene-ethyl
acrylate) (PS-EA),23 and carbon nanobers24 have been intro-
duced into the ST area. Due to their tunable hardness, charge
and elastic surfaces, these particles have become attractive for
use in STFs as these properties usually result in strong ST
behavior.23

The characteristics of the particles play an important role in
determining the ST effect.25 As soon as the yield strain is
reached, the hard particles collide with each other and this
leads to shear thickening. However, the shear thickening is
damped by the thick outer shells of so particles.26 Recently,
our group investigated the inuence of the particle structure on
the behavior of STFs by synthesizing PS-AA (polystyrene-acrylic
acid) nanospheres with different structures. We found that
particles with a proper hard core and a so shell exhibited
excellent shear thickening behavior.27 The so shell contributed
to an increase in the hydrodynamic lubrication interactions
between the dispersing particles, which resulted in particle
clusters being formed much more easily. The hard cores of the
nanospheres ensured the formed clusters could resist a larger
imposed stress. Therefore, it was proposed that the ideal
RSC Adv., 2016, 6, 29279–29287 | 29279
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dispersing particle for a high performance STF should possess
a hard core and a so shell.4,27

Core–shell particles are of specic research interest
because they can integrate two or three different functional-
ities together into one material.28,29 During the past decade,
various core–shell particles such as the inorganic core/
inorganic shell, inorganic core/polymer shell, and polymer
core/polymer shell have been reported for applications in
biology, energy, separation, catalysis etc. In situ coating,30,31

layer by layer,32–34 and one-pot methods are the most favorable
methods for preparing core/shell nanospheres.35–37 Due to the
incompatibility between the inorganic material and the
polymer, complicated procedures38,39 have oen been
required to fabricate core–shell particles with an inorganic
core/polymer shell. Moreover, the scale of traditional
methods for the synthesis of core/shell nanospheres is
usually small.39,40 Typically, in previous works about prepa-
ration of core–shell particles, the scale of the products is
small and the maximum scale does not exceed 5 g.41–45

However, the scale of particles required for use in STFs is
relatively large. Therefore, a facile one-step method for
preparing inorganic/polymer nanospheres would be useful
for STFs.

Hard SiO2 nanospheres are usually used in STFs due to their
easy preparation and tunable size. Many works have been
carried out on the development of polymer coated SiO2 nano-
spheres, such as SiO2@poly(methyl methacrylate) (PMMA),46–48

SiO2@polystyrene (PS),49 SiO2@poly(3-aminophenylboronic
acid),50 and SiO2@poly(vinyl chloride) (PVC).51 Unfortunately,
although many works have been carried out on the develop-
ment polymer encapsulated SiO2 nanospheres, there is still no
report about the one-step fabrication of the SiO2@polymer
core–shell particles and the subsequent investigation of their
STFs.

In this work, a one-step approach has been developed to
scale-up the synthesis of SiO2@polydopamine (PDA) inor-
ganic–organic core/shell nanospheres. The thickness of the
PDA shell was tunable by varying the concentration of the
dopamine precursor. By dispersing the SiO2@PDA core/shell
nanospheres into PEG200, the related STFs were obtained
and they exhibited larger ST effects than a SiO2 based STF. A
possible improvement mechanism was proposed and it
was found that the PDA shell played a critical role in
decreasing the critical shear rate. The as-prepared high
performance STF could be widely applied in dampers and
impact absorbers.
2. Experimental
2.1. Materials

Tetraethylorthosilicate (TEOS), ethanol and ammonium
hydroxide (NH3$H2O, 25–28%) were purchased from Sino-
pharm Chemical Reagent Co. 3-Hydroxytyramine hydrochloride
(98%) was purchased from Aladdin. All chemicals were used
directly as received without further treatment. Re-distilled water
was used in this work.
29280 | RSC Adv., 2016, 6, 29279–29287
2.2. The preparation of SiO2@PDA nanospheres

Scheme 1 illustrates the preparation process of the nano-
spheres. The synthesis was conducted in a 2000 mL three
necked ask, which was tted with a mechanical stirrer.
Ethanol (1142 mL), distilled water (49.3 mL) and ammonium
hydroxide (93.2 mL) were added to the ask and themixture was
stirred for 10 min. TEOS (53.6 mL) was then added into the
solution dropwise. Aer 4 h, TEOS (26.8 mL) and distilled water
(24.7 mL) were added into the solution. 8 h later, TEOS (26.8
mL) and distilled water (24.7 mL) were added into the solution
again. The temperature was kept at 40.3 �C by using a Thermo-
static Water Bath. 8 h later, a specied amount of dopamine was
introduced into the reaction solution and the reaction was
maintained at 25 �C for 24 hours. SiO2@PDA core/shell nano-
spheres with different PDA layer thicknesses were prepared by
varying the dopamine concentration to 1.0 g L�1 (SiO2@PDA-1),
2.0 g L�1 (SiO2@PDA-2), 3.0 g L�1 (SiO2@PDA-3) and 4.0 g L�1

(SiO2@PDA-4). The resultant SiO2/PDA nanospheres were
collected by centrifugation aer polymerization. Aer being
rinsed with ethanol and distilled water three times, the product
was dried in a vacuum oven at 50 �C.
2.3. The preparation of the SiO2@PDA based STFs

Firstly, the SiO2@PDA nanospheres were added into PEG200.
The mixture was then mixed in a ball crusher in order to obtain
a homogeneous dispersion. 24 h later, the nal product was
collected when no large-scale aggregation was found in the
suspension. The obtained STF was sealed in a vial before use.
2.4. Rheological measurements

The rheological properties of the STFs were measured using
a rheometer (Physical, MCR301, Anton Paar) at 25 �C with
a cone-plate having a cone angle of 0.2� and a diameter of 25
mm. The rheological properties of each sample were measured
under both static and dynamic loading conditions. The steady-
shear and oscillatory-shear tests were conducted with a gap size
of 0.05 mm. In order to remove loading effects, a pre-shear of 1
s�1 was applied for 60 s before collecting the experimental data.
2.5. Characterization

The particle size and macroscopic features were determined by
a eld emission scanning electron microscope (20 kV, JEOL
JSM-6700F SEM). The thickness of the shell was observed using
transmission electron microscopy (TEM, JEM-2011) with an
accelerating voltage of 200 kV. Infrared (IR) spectra were
measured using a Nicolet Model 759 Fourier transform infrared
(FT-IR) spectrometer in the wavenumber range 4000–500 cm�1

with a KBr wafer. X-ray photoelectron spectra (XPS) were
measured on an ESCALAB 250. Thermogravimetric (TG) anal-
ysis was performed in air from room temperature to 700 �C at
the rate of 10 �C min�1 on a DTG-60H thermogravimetric
instrument.
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 An illustration of the synthesis of SiO2@PDA core/shell nanospheres and the proposed mechanism.
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3. Results and discussion
3.1. Preparation and characterization of the SiO2@PDA
nanospheres

In this one-step synthesis, the SiO2@PDA nanospheres were
obtained using a modied Stöber reaction. Firstly, SiO2 nano-
spheres were formed during the hydrolysis of the TEOS
precursor in the alkali medium. As soon as the TEOS was almost
completely consumed, the dopamine was added into the solu-
tion to coat a PDA layer onto the surface of the SiO2 nano-
spheres. Aer rinsing and vacuum heating, SiO2@PDA particles
were obtained. Due to the simplicity and green nature of the
process, this economical method is of high potential value for
practical applications.

Fig. 1a shows a SEM image of the SiO2@PDA product
prepared with a DA concentration of 2 g L�1. All of the particles
Fig. 1 SEM (a) and TEM (b and d) images of the SiO2@PDA nano-
spheres synthesized with dopamine concentration of 2 g L�1; (c)
shows a photograph of the one-pot product.

This journal is © The Royal Society of Chemistry 2016
possessed a spherical morphology and were well dispersed
without any large-scale aggregation. These nanospheres were
uniform and the average size was about 360 nm. TEM was
applied to investigate the inner nanostructure of the SiO2@PDA
nanospheres. Interestingly, besides the black core, there was
a thin layer covering the surface of the nanosphere, which
indicated that the SiO2@PDA nanospheres possessed a typical
core/shell nanostructure (Fig. 1b). A higher magnication TEM
image showed that the shell thickness was about 10 nm
(Fig. 1d). Considering that the DA monomer was added later,
the thin shell was thought to be the PDA. Fig. 1c shows a photo
of the SiO2@PDA nanospheres prepared in one of the experi-
ments. The yield of the nanospheres was 32 g in a one-pot
reaction, which is much larger than most of the previous
methods for preparing core/shell nanospheres. Moreover, due
to the PDA shell, the powder was gray in color, which was
different from the white pristine SiO2.

Since it has a hydrophilic surface, the PDA can attach to the
SiO2 nanospheres to form a core–shell nanostructure. With an
increase in the DA concentration, the PDA shell thickness
increased. Fig. 2a–l shows SEM and TEM images of pristine SiO2

(a–c) and the SiO2@PDA (d–l) nanospheres. Without the PDA
coating, all of the SiO2 particles were spherical and the average
size was about 350 nm. A thin layer appears on the surface of the
SiO2 when the PDA is polymerized in situ. PDA is a low molec-
ular weight polymer and it exhibits lower contrast than the SiO2,
thus it is difficult to distinguish the shell when the shell
thickness is thin. Although it is hard to observe the thin PDA
shell in the TEM images, the shell is indeed coated on the SiO2

surface because the powder is gray in color. Energy dispersive
spectrometry (EDS) mapping spectra of each element on the
surface of the SiO2@PDA core–shell nanoparticles indicated
that the layer of polydopamine was encapsulated on the surface
of SiO2 (Fig. S2†). Additionally, with an increase in the shell
thickness, the PDA layer could be clearly observed in the TEM
image. In this work, the starting concentration for dopamine
was controlled from 1 g L�1 (d–f) to 3 g L�1 (g–i), then 4 g L�1 (j–
l). The TEM images indicated that the average shell thickness
RSC Adv., 2016, 6, 29279–29287 | 29281
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Fig. 2 SEM (a, b, d, e, g, h, j, k) and TEM (c, f, i, l) images of the SiO2 (a–c) and SiO2@PDA nanospheres synthesized with dopamine concentrations
of 1 g L�1 (d–f), 3 g L�1 (g–i) and 4 g L�1 (j–l).

Fig. 3 FTIR spectra of (a) polydopamine, (b) pristine SiO2 particles and
(c) SiO2@PDA particles synthesized with a dopamine concentration of
4 g L�1.
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increased from 2 nm to 13 nm. In contrast to the smooth SiO2,
the surface of the SiO2@PDA particles became rough, which
corresponded to the PDA shell. Importantly, the PDA shell was
uniformly coated on the SiO2 nanospheres without shell coa-
lescence, thus the obtained product was monodisperse
(Fig. S1†).

The FTIR spectra of polydopamine, pristine SiO2 and
SiO2@PDA nanospheres were investigated. Fig. 3a shows the
typical FT-IR spectra of polydopamine, which has broad bands
in the range between 940 and 1800 cm�1 with no distinguish-
able peaks due to the highly complex structure of polydop-
amine. The peaks centered at around 3346 cm�1 can be
ascribed to the stretching vibrations of the nitrogen–hydrogen
(–NH)/oxygen–hydrogen (–OH) bonds. Due to the low content of
PDA, the SiO2 (Fig. 3b) and SiO2@PDA (Fig. 3c) nanospheres
possess similar FTIR spectra. For the SiO2@PDA nanospheres,
the strong absorptions located at 1104 cm�1 and 804 cm�1,
could be assigned to the stretching vibrations of the silicon–
oxygen (–Si–O–) bonds.

XPS spectra were employed to analyze the surface of the nal
product. Typically, strong O1s and Si2p peaks were clearly
found in the spectra of the SiO2 nanospheres (Fig. 4a). A tiny
C1s peak was present in the spectra, which may be due to
29282 | RSC Adv., 2016, 6, 29279–29287
residual ethanol or –OCH2CH3 groups on the surface of the SiO2

nanospheres. For the SiO2@PDA core–shell nanospheres,
a distinctive nitrogen signal can be clearly observed in Fig. 4b.
The molar ratio of nitrogen (N1s, 401.8 eV) on the surface of the
SiO2@PDA nanospheres was 7.88%. Moreover, the intensity of
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Broad-range XPS spectra of SiO2 (a) and the SiO2@PDA (b)
nanospheres.
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the C1s peaks was also obviously enhanced. The detective depth
of the XPS is about 10 nm and the shell thickness of the PDA is
thinner, thus a Si2p signal was also present in the SiO2@PDA
nanospheres spectra. These results demonstrate the successful
coating of the PDA shell onto the SiO2 nanospheres because the
N1s and C1s signals in the XPS spectra mainly arise from the
PDA, which contains large number of amide and benzyl func-
tional groups.

Shown in Fig. 5a is the thermogravimetric curve of pristine
SiO2. The weight loss observed from 0 to 100 �C could be
attributed to adsorbed water. With a further increase in
temperature to 500 �C, a slow weight loss was observed, which
corresponded to residual organic groups in the SiO2 nano-
spheres. This result also agreed with the XPS analysis. For
SiO2@PDA (Fig 5b and c), the weight loss in this area clearly
increased and this could be attributed to the decomposition of
the PDA. The gradual weight losses observed for the SiO2

nanospheres (a), SiO2@PDA-2 (b) and SiO2@PDA-4 (c) were
11.2%, 15.4% and 19.9%, respectively. The different weight
losses observed between the SiO2@PDA-2 and SiO2@PDA-4
nanospheres indicated that they had different PDA content in
their shells. The weight loss increased with increasing thickness
of the coated layer. In order to give an accurate value for the
Fig. 5 TG of the as prepared (a) SiO2 particles, as well as the (b)
SiO2@PDA-2, and (c) SiO2@PDA-4 nanospheres.

This journal is © The Royal Society of Chemistry 2016
density of the nanospheres, we performed solution (double-
stilled water) densitometry measurements at different mass
fractions by means of a pycnometer. The results indicated that
the density of the SiO2 nanospheres was 2.05 � 0.01 g cm�3,
while SiO2@PDA-2 was 1.94� 0.01 g cm�3 and SiO2@PDA-4 was
1.89 � 0.01 g cm�3 (278 K). The average density of the SiO2@-
PDA core–shell particles was slightly less than the SiO2.

3.2. The ST rheology behavior of the SiO2@PDA nanosphere-
based STFs

Aer dispersing the SiO2@PDA core/shell nanospheres into the
PEG200 solvent, the dark brown STF was obtained. A picture of
the STF is shown as an inset in Fig. 6. Clearly, the STF has good
uidity and the core/shell particles are uniformly dispersed
within the carrying uid without any large-scale aggregation.
Fig. 6 shows the static rheological properties of the SiO2@PDA
nanosphere-based STFs (58 wt%), in which the SiO2@PDA
nanospheres have different shell thicknesses. To better under-
stand the effect of the PDA shell, a SiO2 nanosphere-based STF
was also prepared. Due to the low mass fraction of 58%, no
obvious ST behavior was found in the SiO2 nanosphere-based
STF. However, as shown in Fig. 6, the SiO2@PDA-1 based STF
presented typical ST behavior and its maximum viscosity could
reach 26.2 Pa s. Interestingly, the maximum viscosity of the
SiO2@PDA nanosphere-based STFs increased with the thick-
ness of the PDA shell. Moreover, the critical shear rate
decreased with increasing PDA shell thickness and could
decrease to nearly 1 or 2 s�1. Unfortunately, the initial viscosity
of the STFs increased from 5.2 to 12.1, then 51.2, and 64.8 Pa s
while the relative maximum viscosity was 26.2, 51.6, 86.4, and
90.4 Pa s, respectively. The SiO2@PDA-2 based STF had the
largest relative increased in viscosity (about 400%), thus
SiO2@PDA-2 was considered to be the optimum candidate for
a high performance STF.

The inuence of the shell thickness on the rheological
behavior of the related STF was performed by using SiO2@PDA-
2 as an example. Fig. 7 shows the static rheological properties of
Fig. 6 Viscosity vs. shear rate under steady shear mode for the SiO2

and PDA@SiO2 nanosphere-based STFs. The inset picture illustrates
the good fluidity of the PDA@SiO2 nanosphere-based STFs.

RSC Adv., 2016, 6, 29279–29287 | 29283
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Fig. 7 Viscosity vs. shear rate for different mass fraction (64%, 62%,
60% and 58%) suspensions of SiO2@PDA-2 under steady shear mode.

Fig. 8 Viscosity vs. shear rate for SiO2 nanosphere-based STFs with
different mass fractions (68%, 70% and 72%) and the SiO2@PDA-2
based STF (62%).

Fig. 9 Reversible shear thickening behavior of the SiO2@PDA-2 based
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SiO2@PDA-2 based STFs containing different mass fractions
(64%, 62%, 60% and 58%). It can be observed that the viscosity
curve becomes steeper and the maximum viscosity in the ST
region increases with increasing concentration. When the mass
fraction is 58%, the critical shear rate and the maximum
viscosity are 12.8 s�1 and 51.6 Pa s, respectively. Once the mass
fraction reaches 64%, the critical shear rate decreases to 2.5 s�1

and the maximum viscosity can reach up to 194.6 Pa s. The
critical shear rate is reduced by 5 times, approximately, while
the maximum viscosity increases by about 4 times.

The above results indicated that the critical shear rate was
highly dependent on the mass fraction. As the mass fraction
increases, the critical shear rate decreases. At the same time, the
initial viscosity increases with increasing mass fraction. When
the mass fraction increased from 58% to 64%, the initial
viscosity increased from 12.1 Pa s to 35.3 Pa s. Particle
concentration is one of the most important factors in control-
ling the ST behavior of suspensions. Under shear loading, the
dispersed particles are pushed into each other. They must
overcome the viscous drag forces derived from the small
lubrication gaps between neighboring particles so as to form
a hydrocluster. At a high concentration, the average distance
between two adjacent particles would be shortened and the
hydrodynamic forces would make it easier to move more
particles to form larger particle clusters. As a result, the critical
shear rate decreases and ST effect enhances as the particle
concentration is increased.

In order to further compare the different rheological prop-
erties of the SiO2 and SiO2@PDA nanosphere-based STFs, the
inuence of the mass fraction on the SiO2 nanosphere-based
STF was also investigated. Fig. 8 shows that the maximum
viscosity was 7.3 Pa s, 18.6 Pa s and 55.3 Pa s when the mass
fraction was 68%, 70% and 72%, respectively. Similar to the
SiO2@PDA based STFs, the critical shear rate of the SiO2 based
STF decreased from 155.5 s�1 to 95.3 s�1, and then 52.9 s�1. In
contrast, the maximum viscosity and critical shear rate of the
SiO2@PDA-2 based STF with a mass fraction of 62% are 90.1 Pa
s and 5.7 s�1, respectively. It is worth mentioning that the initial
29284 | RSC Adv., 2016, 6, 29279–29287
viscosity of the SiO2@PDA-2 based STF (16.1 Pa s) is higher than
the pristine SiO2 nanosphere-based STF (by approximately 3 Pa
s). Generally, the SiO2@PDA-2 based STF exhibits better rheo-
logical behavior than the SiO2 nanosphere-based STF even
though the concentration is lower, which demonstrates that the
PDA coating layer on the surface of the SiO2 nanospheres
improves the rheological behavior of the STFs.

In this work, the reproducibility of shear thickening perfor-
mance under cyclic loading was investigated. Fig. 9 shows the
viscosity of the SiO2@PDA-2 based STF with a mass fraction of
62% measured for both ascending and descending shear rate
sweeps. There is a slight decrease in viscosity at a low shear rate,
while it increases quickly as soon as the shear rate reaches the
critical shear rate. At the same time, the viscosity decreases
immediately when the shear rate decreases. It should be noted
that the viscosity measurements are in good agreement at the
same shear rate, which indicates that the shear thickening
behavior of the SiO2@PDA-2 based STF is reversible. The
hydroclusters formed in the shear thickening period can
STF with a mass fraction of 61%.

This journal is © The Royal Society of Chemistry 2016
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decompose and disperse in the dispersed phase again as soon
as hydrodynamic lubrication is decreased.4 To this end, we can
conclude that the as-prepared shear thickening uid exhibits
excellent cyclic reversibility in it ST effect, which is very bene-
cial for industrial applications.
3.3. The enhancement mechanism for the SiO2@PDA
nanosphere- based STFs

Based on the above analysis, it was found that SiO2@PDA is
superior to the naked SiO2 when used in STFs, thus the effect of
the PDA shell is important for understanding the improvement
mechanism. It is known that PDA contains a large number of
hydrophilic hydroxyl and amino groups (Scheme 1). Due to
these hydrophilic groups, PDA is compatible with the surface of
SiO2. As the density of PDA is lower than SiO2, the stability of the
SiO2@PDA particles in the suspension must be much better.
Moreover, due to the large number of hydroxyl and amino
groups on the surface, the SiO2@PDA core–shell particles show
higher affinity to the PEG solvent than the naked SiO2 particles.
Moreover, it is well known that the hardness of PDA is lower
than SiO2. Aer coating with a PDA shell, the obtained SiO2@-
PDA core–shell particles possess a hard core and a so shell.
The so PDA shell enhances the hydrodynamic lubrication
interactions between the core–shell particles, thus favoring the
formation of particle clusters when the suspension is subjected
to shear.27

According to the hydrocluster mechanism (Scheme 2),
random collisions among particles make them naturally resis-
tant to ow in order to maintain an equilibrium state. Under the
application of external shear stress (or the shear rate), the
particles become organized in the shear ow, which lowers the
viscosity and, therefore, shear thinning occurs. If the shear rate
reaches a critical value, the hydrodynamic interactions between
particles occupy the main position and leads the random
dispersion of particles to spawn hydroclusters (Scheme 2,
orange). In this case, the suspension presents a transient
Scheme 2 The diagrammatic illustration of the change in micro-
structure for the transitions from equilibrium to shear thinning and
shear thickening in the core–shell particle suspensions and the
hydrogen bonding interactions at the surfaces of the particles.

This journal is © The Royal Society of Chemistry 2016
uctuation, thus the viscosity abruptly increases. This
phenomenon is named shear thickening. The surface proper-
ties of the dispersed particles play an important role in the
rheology of the dense suspension.2,52,53 It is well known that
there are large numbers of hydrophilic hydroxyl and amino
groups in PDA. The PDA layer can be used as an intermediate to
anchor functional molecules onto the surface through chemical
bonds or other physical bonds (such as hydrogen bonds or van
der Waals’ forces), which indicates that the surface of the PDA
layer is abundant with hydroxyl and amino groups.54–56 Hydroxyl
groups and amino groups can form hydrogen bonds with
certain polar molecules.57,58 It is rational to speculate that
hydrogen bonds have been formed between the nanospheres
and the PEG200. Furthermore, the interactions of hydrogen
bonds are commonly found in explanations of the mechanism
of shear thickening.53,59 In SiO2@PDA core–shell nanoparticle-
based STF, due to the large number of hydroxyl groups on the
particle surfaces, the particle interactions are enhanced by
hydrogen bonds between particles. Therefore, hydroclusters
formed in the SiO2@PDA core–shell nanoparticle-based STF
must be larger than in the SiO2 based STF.

The weight percentage of dispersed particles in the STFs was
kept constant in this work. Due to the low average density of the
SiO2@PDA core–shell particles, the particles’ volume ratio is
larger than SiO2. Under the same shear rate, the SiO2@PDA
core–shell particles must more easily form hydroclusters than
the SiO2 particles due to smaller inter-particles distances.
Therefore, the critical shear rate for the SiO2@PDA particle-
based STFs was smaller than for the STF with SiO2 particles.
As shell thickness increased, the density further decreased. To
this end, the critical shear rate increased with decreasing shell
thickness. Moreover, more particles would be present in the
thicker PDA shell-based STFs, thus the relative initial viscosity
would increase. However, the weight percentage of PDA in the
core–shell particles is very small (about 5 wt% for SiO2@PDA-2).
The number of the particles in the 62% SiO2@PDA-2 STF was
smaller than in the 72% SiO2 STF, however it exhibited a better
ST effect. Thus, increasing both the particle volume ratio and
the surface interactions synergistically contributes to the
enhancement of the ST effect. Here, the surface properties play
a key role in determining the initial viscosity and the critical
shear rate in the STF.

The hardness of the dispersed particles is also very impor-
tant in the STFs because harder particles can resist larger forces
without being broken.25,27 It has been reported that the higher
cross-linking density of PS-EA particles results in a better ST
effect. For this SiO2@PDA based STF, the hard SiO2 enables the
core–shell particles to form stable hydroclusters under appli-
cation of an external shear force, thus exhibiting a large
maximum viscosity. From the SEM and TEM images of pristine
SiO2 and the SiO2@PDA nanospheres (Fig. 2 and Fig. S1†), we
can observe that the surface of the SiO2@PDA nanospheres
clearly becomes rougher than that of pristine SiO2. This result is
consistent with previous reports.41 Although the total amount of
PDA in the coating is relatively small, the polymer layer is uffy
and the surface area of the nanospheres becomes larger as the
roughness increases. With respect to discussions about the role
RSC Adv., 2016, 6, 29279–29287 | 29285
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of friction forces in the shear thickening eld, many works have
been already been conducted.60–66 Due to the increase in surface
area and roughness of the SiO2@PDA nanospheres compared
with pristine SiO2, the friction coefficient, m, between the
particles increases. Therefore, we speculate that particle–
particle interactions increase simultaneously above a certain
shear rate, which contributes to the stabilization of the hydro-
clusters. Based on above analysis, we can conclude that parti-
cles with hard cores and so shells are an ideal candidates for
use in high performance STFs. An optimum shell thickness can
lead to the best ST effect in one system. The surface properties
of the core–shell particles highly affect the interactions between
particles, thus further inuencing the relative ST effect.

4. Conclusions

In this work, a simple in situ polymerization method was
introduced to scale-up the synthesis of core–shell SiO2@PDA
nanospheres, which can be used for preparing high perfor-
mance STFs. The rheological properties of the synthesised STFs
were highly dependent on the PDA shell thickness. With an
increase in the shell thickness, the initial shear rate decreased
and the maximum viscosity increased. Under optimum
parameters, the maximum STF viscosity reached up to 194.6 Pa
s. The SiO2@PDA core–shell nanosphere-based STFs exhibited
a better ST effect than naked SiO2 and a possible enhancement
mechanism was proposed. It was found that increasing the
surface interactions plays a dominant role in determining the
ST effect, while particle numbers and hardness can synergisti-
cally contribute to the enhancing the ST effect as well. This hard
core/so shell type composite particle-based STF will be useful
in not only for fundamental studies, but also in engineering
applications.
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