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Abstract In this work, shear thickening (ST) perfor-
mance of a novel suspension of porous silica nanoparticles
was systematically studied. The porous silica nanoparticles
which were synthesized by using CTAB as a pore-forming
agent were dispersed into ethylene glycol to form shear
thickening fluid (STF). Both the steady and oscillatory
shear rheological properties of the STF were characterized.
The STF showed distinct ST effects when the concentra-
tion of the porous nanoparticles was only 42.5 wt%. This
value was much lower than the previously reported STF
prepared by non-porous particles. The viscosity increased
from 0.80 to 14.3 Pa s by increasing the shear rate from 0.1
to 49.4 s_l, while a noticeable overall downward trend
with a high initial viscosity was found in the prepared
suspension of non-porous silica. The results indicated that
porous nature of the silica nanoparticles could remarkably
influence the ST effect. A possible enhancing mechanism
was proposed and it was found that the difference of
macroscopic rheology behavior was mainly according to
interfacial interaction between the porous silica nanopar-
ticles. This work provided valuable information for
understanding the relationship between the porous char-
acteristics and ST behavior.
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Introduction

Shear thickening is a kind of non-Newtonian flow behav-
ior, in which the viscosity non-linearly increases with
increasing the shear rate [1]. Usually, the densely packed
suspensions of nano-sized particles exhibit the typical ST
behavior, thus they are defined as the shear thickening fluid
(STF). Under the action of an external stress or shear, the
fluidic STF becomes a yield material and its physical state
transforms to a solid-like state. The process is reversible,
which means that the solid-like state will back to fluid-like
state again once the applied stress is removed. Because of
their effective energy dissipation in response to external
stimuli [2, 3], the STFs display significant advantage for
use in sports shoe cushioning, damping devices, ballistic
protection [4-6], etc.

The potential mechanism for the ST has been intensively
studied and the universally accepted one is the hydrocluster
theory. It claimed that the short-range hydrodynamic lubri-
cation forces dominated over interparticle forces, thus shear-
induced non-equilibrium self-organization particles came
into stress-bearing clusters [7]. This view was predicted by
Stokesian dynamics simulation [8] and revealed through a
series of experiments, such as rheo-optical experiments [9],
small angle neutron scattering measurements [7, 10], and
stress-jump measurements [11]; and clusters were observed
directly by combining fast confocal microscopy with
simultaneous force measurements [12]. To fully explore the
ST mechanism, much effort has been conducted on studying
the parameters that determine the form and extent of ST.
Various parameters such as the dispersed particles, medium
[1, 13, 14], volume fraction [1, 13], and additives [15-18]
were systematically discussed.

Because the distance between hydroclustered particles
was considered to be on the order of nanometers,
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macroscopic ST behavior directly reflected the microscopic
particles’ surface structure and the relative short-range
forces [19]. It was found that the surface characteristics of
dispersed particles significantly affected the rheological
properties of the STFs [20, 21]. Chu B et al. reported that
the heat treatment could affect the interparticle interactions
by changing their surface chemistry, and thus further affect
the macroscopic ST behavior of the suspensions [20]. Yu
et al. demonstrated a great effect of particles surface
treatment on increasing the maximum mass fraction in the
STFs [21]. As described above, rheological properties of
suspensions were related to the dispersed particles’ struc-
ture. To further investigate it, inorganic [22] and polymer
particles [23] with various shapes such as spheres, rods,
plates, and grains [24-26] were employed as the dispersing
phase in the STFs. By varying the size [4, 27] and size
distribution [4, 28], optimum STFs were obtained.

However, all the referenced STFs were composed of
solid particles, few work has been reported on porous
particle-based STF. Mesoporous microparticles have drawn
increasing attention due to their wide applications in
biology, catalysis, separation, etc. In comparison to the
solid ones, they exhibited unique advantages such as high
surface areas, well-defined pore structures, and tunable
pore sizes [29-31]. Due to their low density, the suspen-
sions prepared by porous particles would significantly
reduce the total mass at the same volume fraction. This
advantage could not only reduce the mass for comfort and
portability but also improve economic efficiency for
industrial processes, which would enhance their practical
applications in flexible protective gear. By dispersing
porous particles in polar liquids, the high specific surface
areas and roughness surface nature of the porous particles
may influence the interfacial interaction between particles
and dispersing medium, and then change ST behavior. To
this end, the study of porous particle-based concentrated
suspensions would not only enable us to achieve high-
performance STF, but also help us to deepen the under-
standing of the ST mechanism.

In this work, the porous silica nanoparticles were syn-
thesized and dispersed into ethylene glycol to prepare STF.
The ST performance of the product was evaluated by both
the steady shear and oscillatory shear testing. The rever-
sible property and the influence of temperature on the ST
performance of the suspensions of porous silica were
carefully analyzed for their practical engineering applica-
tions. Based on the above results, the possible mechanism
for the formation of ST phenomenon of suspensions of
porous nanoparticles was proposed. This work provided a
novel method for high-performance STF and valuable
information to understand the relationship between parti-
cles’ structure and ST behavior.
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Experimental
Materials

Tetraethyl orthosilicate (TEOS, analytical reagent), cetyl-
trimethyl ammonium bromide (CTAB, analytical reagent),
aqueous ammonia solution (NHj3-H,O, analytical reagent),
ethanol (analytical reagent), and ethylene glycol (analytical
reagent) were purchased from Sinopharm Chemical
Reagent Co., Ltd and used without further purification. The
commercial hydrophilic fumed silica nanoparticles were
bought from Beijing Aigao Technology Co., Ltd. Doubly
distilled water was used throughout the experiment.

Preparation of concentrated suspensions

Firstly, porous silica nanoparticles were synthesized via the
combining Stober-Calcination method. The precursors of
the porous silica were obtained by chemical reaction that
occurred in a three-neck flask connecting to a mechanical
stirrer. The ambient temperature was kept at 40 °C in a
water bath during the synthesis. 5 g of CTAB was dis-
solved in 300 ml of ethanol. Then, 16 ml of ammonia
solution and 250 ml of doubly distilled water were added
under vigorous stirring at a speed of 800 rpm. 1 h later,
25 ml of TEOS was added dropwise into above mixture.
After the reaction lasted for 24 h, the gel-like non-porous
silica/CTAB composite nanoparticles product was har-
vested by centrifugation, washed with ethanol and doubly
distilled water, and dried in a vacuum oven at 40 °C. The
particles finally obtained were divided into two parts. One
part was calcined in air at 550 °C for 5 h to get porous
structure, and the other was used as a contrast. The as-
prepared porous particles were evenly distributed in ethy-
lene glycol by continuous ball milling for 24 h to obtain the
suspension.

The commercial fumed silica nanoparticles were treated
under the same conditions. For simplicity, non-porous silica/
CTAB composite nanoparticles, porous silica nanoparticles,
non-porous fumed silica nanoparticles, and calcined fumed
silica nanoparticles were defined as np-SiO,, p-c-SiO,, np-
£Si0,, and np-c-fSi0,, respectively.

Characterization

Morphologies of silica nanoparticles were observed using a
Sirion200 scanning electron microscope (SEM). The sur-
face features of nanoparticles were recorded by a JEM-
2100F field emission transmission electron microscope
(FETEM) with an accelerating voltage of 200 kV. The
thermal stability of np-SiO, was measured using the ther-
mogravimetric analyzer (DTG-60H). The infrared spectra
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were collected in the wavenumber range 4000-400 cm ™'

with a TENSOR27 Fourier transform infrared (FTIR)
spectrometer. The specific surface area and pore volume
were taken on a Tristar [13020 M surface area and porosity
analyzer by nitrogen sorption at 77 K.

Rheological measurement

All the rheological measurements were carried out on a
controlled-stress rheometer (Anton-Paar MCR301). A
cone-plate geometry having a cone angle of 0.2° and a
diameter of 25 mm was assembled as instrument acces-
sory. Some samples with a high yield stress tended to be
solid-like state at rest, which made the stress sensor of the
rheometer overloaded when cone-plate geometry contacted
them. The viscosity could not be measured properly. So a
parallel-plate geometry having a diameter of 20 mm was
chosen, and a I-mm gap size was set during the measure-
ment. Steady shear test and oscillatory shear test were
carried out on each sample. The rheometer was pro-
grammed to perform a steady pre-shear of 60 s to remove
loading effect before each measurement.

Results and discussion
Characterization of the nanoparticles

Morphologies of as-prepared silica particles were observed
by SEM. Figure la, b shows the SEM images of np-SiO,
and p-c-Si0,, respectively. It was found that np-SiO, was
composed of nearly spherical nanoparticles with an aver-
age diameter of 680 nm. Although some irregular particles
were presented in the SEM, the surface of the particles was
curved, indicating that the particles tended to form spher-
ical particles during the synthesis. Different from the
reported monodisperse porous silica nanospheres, the yield
of these particles was on gram scale, thus the non-uniform
morphology was reasonable. After calcination, the np-SiO,
transformed to the p-c-SiO,. Similar size and shape are
found in Fig. 1b, indicating that the calcination would not
change the outer size and shape of the silica particles, while
only led to the porous nature. To further investigate the
inner nanostructure of the as-prepared nanoparticles, the
high-magnification TEM images of np-SiO, and p-c-SiO,
were presented (Fig. lc, d). The np-SiO, exhibited solid
structure and no pores were found. However, after
removing the CTAB template, a large amount of pores with
size about 2 nm were clearly presented for the p—c-SiO,
(Fig. 1d). Moreover, these nanopores were arrayed per-
pendicularly to the particles’ surface. To further understand
the influence of calcination and porous structure, the
commercial fumed silica nanoparticles were also studied.

As shown in Fig. 2, the pristine fumed silica nanoparticles
were non-porous with a primary size of 12 nm. They fused
into aggregates which could not be disrupted by shear [22].
The heating treatment showed few influence on the
nanoparticles, and similar morphologies and sizes were
obtained after the calcinations.

In this synthesis, the p-c-SiO, was obtained by heating the
np-Si0, to remove the CTAB template. Figure 3 shows the
thermogravimetric curve of np-SiO,, which indicated that the
weight of sample decreased with raising temperature. The
first weight loss (4.65 %) observed at 100 °C was attributed
to water evaporation. When the temperature increased to
200 °C, the weight sharply decreased. The weight loss
reached to 31.21 % when the temperature increased to
550 °C. It was reported that the CTAB decomposed at
248-251 °C under normal conditions, and thus, the sharp
weight loss was ascribed to the decomposition of the CTAB.
Here, these CTAB molecules were confined with the silica
matrix, thus the weight loss observed in the range of
550-700 °C was considered to be the CTAB residues.

The FTIR analysis was further employed to track the
transformation process of the np-SiO, to p-c-SiO,. Fig-
ure 4a, b shows the FTIR spectrum of np-SiO, and p-c-
Si0,, respectively. Typically, the absorption bands at 2924,
2853, and 1479 cm™! are clearly observed in Fig. 3a, and
they were attributed to the CH, and CHj; groups in CTAB.
However, after the heating treatment, these adsorption
bands disappeared, indicating the entirely removing of the
CTAB molecules. Only the characteristic Si-O-Si absorp-
tion was found in the p—c-SiO, and np-c-fSiO,, which
demonstrated the as-obtained products were composed of
pure silica.

The specific surface area and pore size distribution were
calculated from nitrogen BET adsorption/desorption iso-
therms (Fig. 5). It was found that the specific surface area
of p—c-SiO, was 794.50 m? ¢~ which was much higher
than the 10.12 m* g~ ' for np-SiO,. The higher BET area
also indicated the formation of porous nanostructure. A
typical type IV isotherm including a hysteresis loop was
observed according to the nomenclature by IUPAC for p—c-
Si0,, which confirmed the existence of mesopore surface.
At the same time, a type III isotherm which was convex to
the P/P, axis could be seen for np-SiO,, corresponding to
non-porous nanoparticles [32]. Moreover, the BJH
adsorption average pore diameter was calculated to be
3.01 nm for p—c-SiO, (inset of Fig. 5), which agreed well
with the above analysis.

The rheology behavior of porous silica nanoparticles
suspensions

The porous silica nanoparticles were dispersed into ethy-
lene glycol to form the concentrated suspension. Figure 6
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Fig. 1 SEM and TEM images of np-SiO; (a, ¢) and p-c-SiO, (b, d)
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Fig. 2 SEM and TEM images of np-fSiO, (a, ¢) and np-c-fSiO, (b, d)

shows the shear-rate-dependent viscosity of the p—c-SiO,-
based STF with 42.5 wt%. It could be observed that the
suspension of p—c-SiO, exhibited shear thinning at low
shear rate with initial viscosity of 0.80 Pa-s. Then, as soon
as the shear rate increased from 0.1 to 49.4 s™', the vis-
cosity increased to 14.3 Pa s, which indicated the occur-
rence of the typical ST phenomenon. Here, the rheological
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property of the suspension of np-SiO, was also investi-
gated. A noticeable overall downward trend was found for
the suspension. From the data, we could find that the sus-
pension possessed a high initial viscosity of 1880 Pa s at
the shear rate of 0.1 s™', and it decreased to 3.41 Pa s at
the shear rate of 92.1 s~'. From the above analysis, it was
clear that p-c-SiO, and np-SiO, had the similar size, shape,
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Fig. 5 Nitrogen BET adsorption/desorption isotherm of np-SiO, and
p-c-SiO,. Inset pore size distribution of np-SiO, and p-c-SiO,

and ingredient. Therefore, the ST must be originated from
the porous nanostructure.

To further investigate the effect of calcination, the
commercial fumed silica nanoparticles were also employed

Angular Frequency (s'j)

Fig. 6 a Viscosity versus shear rate for suspensions of all samples
under steady shear. b Complex viscosity versus angular frequency for
suspensions of all samples under dynamic oscillatory shear. All points
were plotted on a log—log scale

as the precursor for preparing the concentration suspen-
sions. Different from our prepared silica particles, the bulk
density of the fumed silica was very small. Since ethylene
glycol was a polar solvent, the hydrophilic fumed silica
could dissolve in the ethylene glycol and the as-prepared
suspension was like paste. If the mass fraction was too
high, the commercial silica was very difficult to be dis-
persed into the solvent, because of the high viscosity.
Therefore, the mass fraction of the dispersed silica was
only 21.0 %. Both the np-fSiO, and np-c-fSiO, were used
to prepare the concentrated suspensions, and Fig. 6 shows
their rheological properties. An entire shear thinning could
be observed during increasing the shear rate. In the repe-
ated experiments, a slight fluctuation of viscosity some-
times could also be observed. The suspensions of np-fSiO,
and np-c-fSiO, were solid-like state without applying any
impact. The initial viscosities of the two samples were on
the 10* Pa s scale at the shear rate of 0.1 s™!, and their
shear-rate-dependent viscosity was similar to the np-SiO,
under steady shear. The curves for the np-fSiO, and np—c-
fSiO, were almost the same. To this end, we could con-
clude that the heating treatment was not the dominant
factor for the ST.
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Fig. 7 Viscosity versus shear rate for suspensions of different p—c-
SiO, mass fractions: 40.4, 42.5, 45.0 % under steady shear

Actually, the p-c-SiO, and np-SiO, particles had the
similar inner structures except the pores of the np-SiO,
particles were filled with CTAB molecular templates. After
dispersing into the ethylene glycol, the pores of the p-c-
SiO; could be filled by the solvent which may change the
interactions of the particle-solvent and particle—particle.
Therefore, the concentrated suspension of p-c-SiO,
exhibited typical ST effects. Figure 6b shows the rheo-
logical properties of all the above suspensions under
dynamic oscillatory shear. Similarly, except for the p-c-
Si0,, the other three samples did not show evident ST
phenomenon, and agreed well with the above results.

The viscosity versus shear rate curves for suspensions of
different p-c-SiO, mass fractions are given in Fig. 7. The
higher the concentration, the smaller the critical shear rate.
Besides, the maximum viscosity increased as the mass
fraction of particles increased. The result was consistent
with the previous work [13].

Reversible property and temperature stability
of the STF based on the porous silica nanoparticles

The STFs should be steady, reversible, and show evident
ST effect under external stimuli in a wide temperature
range for their practical engineering applications. So the
reversible property and temperature stability of the as-
synthesized suspensions of porous silica were also inves-
tigated in this work.

The viscosity of the suspension of porous silica at 42.5
wt% was measured for both ascending and descending
steady shear rate sweeps (Fig. 8). At the beginning, the
viscosity was almost kept a constant with a slight decre-
ment. When the shear rate reached to a critical point, the
viscosity quickly increased with the shear rate, indicating
the presence of the ST. As soon as the shear rate decreased,
the viscosity immediately decreased. Although the vis-
cosities in the descending curve were smaller than in the
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Fig. 8 Reversible property of porous silica nanoparticle-based STF

ascending curve, it was noted that they had the similar
tendency. The flow curve showed weak hysteresis at high
shear rate, which could be explained by the effect of
gravity of nanoparticles. The as-prepared porous nanopar-
ticles aggregated in some degree (Fig. 1b), which was
equivalent to improve the average particle size, enhance
the effect of gravity, and promote the dissolution rate of
hydroclusters. If the dispersion nanoparticles were uniform,
the two curves would tend to be overlapped. Therefore, the
differentiation of the descending curve and ascending
curve could be ascribed to the unstable hydroclusters in the
absence of external force. With decreasing of shear rate,
the formed hydroclusters would be dissolved and dispersed
in the solvent again. To this end, uniform porous silica-
based STF would be the key point of our future research.

Figure 9a shows the rheology behavior of the STF at
42.5 wt% by varying the temperature from 5 to 40 °C.
With increasing the temperature, the viscosity entirely
slightly decreased. The STF kept the ST effect very well
even the temperature increased to 40 °C, indicating the
product was very stable which would benefit their further
practical applications. With increasing the temperature, the
initial viscosity and the maximum viscosity in ST region
decreased, while the critical shear rate increased. For
example, the maximum viscosity was 22.8 Pa s at 5 °C and
4.69 Pa s at 40 °C, and the initial viscosity was 1.02 and
0.256 Pa s, respectively.

In terms of the hydrocluster mechanism, ST was usually
weakened by increasing temperature. According to theory
of Brownian motion, by rising temperature, molecules of
dispersing medium moved heavily accompanied by the
faster dispersed nanoparticles migration. Therefore, the
Brownian motion resulted in nanoparticles keeping away
from each other. When suffered an external stress or shear,
the force balance broke, hydrodynamic force dominated
over the interaction force between particles, and the ST
behavior occurred. At higher temperature, it would be more
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Fig. 9 Viscosity versus shear rate for suspensions of p-c-SiO, under
steady shear (a), and complex viscosity versus angular frequency for
suspensions of p-c-SiO, under dynamic oscillatory shear (y = 200 %,
b) showing the evolution with increasing temperature

difficult for the hydrodynamic force to force particles to get
close to form hydroclusters. In this case, stronger applied
force was needed, thus the critical shear rate increased and
the maximum viscosity decreased. Figure 9b shows the
complex viscosity vs. angular frequency for the STF at 5,
15, 25, and 35 °C. The dynamic oscillatory sweep curves
were resembled to the trend of the steady shear sweep
curves.

The ST effect mechanism of the suspensions
of porous silica nanoparticles

Based on the above results, it was found that the suspen-
sions of porous silica nanoparticles exhibited more distinct
ST behavior than non-porous nanoparticles. According to
the above analysis, the origination of the ST effect maybe
came from the difference of the microstructure. The sur-
face characteristics dominated the microscopic interfacial
interaction while further determined the ST behavior. In
this work, a possible mechanism for rheology behavior of
both suspensions was proposed, as shown in Fig. 10.

The interfacial interaction between dispersed nanopar-
ticles and disperse medium was an important factor for ST
effects. George Batchelor’ articles indicated that force was
transmitted between adjacent particles through squeezing
intervening fluid resulting in a disturbed local flow field
[33]. The dominated hydrodynamic forces originated from
hydrodynamic pressure between nanoparticles [19], which
related to interfacial interaction between nanoparticles and
solvent. For silica nanoparticles, large amounts of silicon—
oxygen bond and silanol bond existing inside and outside
of the nanoparticles determined their surface chemical
properties. In the STF, the silica nanoparticles separated
from each other by solvent ethylene glycol whose molecule
diameter was on the scale of 10~° m. For the porous silica,
there are large numbers of mesopores with size about
3.0 nm in the particles’ surface, which greatly increased
particles’ BET specific surface area. Thus, more solvent
molecules could fully contact with porous nanoparticles
near solid-liquid interface than the non-porous ones.
Ethylene glycol was polar and they preferentially formed
hydrogen bonds with the silanol groups on nanoparticles’
surface [20]. So the ethylene glycol was believed to be
adsorbed both in the pores and on the surface of
nanoparticles, in Raghavan’s opinion, forming a solvation
layer [34]. The solvation layer led to short-range repulsions
to stabilize the monodisperse particles. Contrastively, for
the non-porous silica, particles contacted insufficiently
with solvent for a low specific surface area, especially
some CTAB exposed in the surface occupied space. The
limited hydrogen bonding between solvent molecules and
particles gave way to interact directly between particles
[34]. Then, the particles connected and the system was
unstable. Macroscopically, a noticeable shear thinning with
a high initial viscosity is observed in Fig. 6.

We considered that the different rheological behavior of
the suspensions was due to the change in the solvation
layer of the particles. A denser solvation layer indicating
stronger repulsive force may cause the enhancement of the
ST effect in suspensions [20]. Porous structure contributed
to strengthen the connection between particles and solvent.
The widespread contact of the nanoparticles and the sol-
vent facilitated the formation of denser solvation layer and
the hydroclusters produced by hydrodynamic lubrication
forces when subjected to shear rate.

Conclusions

In this work, a novel suspension of porous silica
nanoparticles was prepared and its ST behavior was stud-
ied. It was found that various affecting factors, such as the
structure of the dispersing nanoparticles exhibited typical
influence on its rheological properties. With the increase of
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Fig. 10 The microcosmic mechanism of suspensions of porous and non-porous silica nanoparticles

shear rate, the viscosity of the STF increased from initial
viscosity of 0.80 Pas to the maximum viscosity of
14.3 Pa s at the shear rate of 49.4 s™'. Compared to the
behavior of suspensions of non-porous silica nanoparticles,
it was found that porous nature in dispersed nanoparticles
could remarkably influence the ST effect. The STF showed
distinct ST effects even the concentration of the porous
nanoparticles was only 42.5 wt%. This value was much
lower than the previously reported STF prepared by non-
porous particles. The reversible property and the influence
of temperature on the ST performance of the suspensions
of porous silica were also investigated for their practical
engineering applications. Since the porous nature of the
silica nanoparticles, its BET area reached to as high as
794.50 m* g~'. The more solvent molecules could fully
contact with porous nanoparticles near solid-liquid inter-
face. The possible mechanism based on interfacial inter-
action was proposed. Finally, this work provided valuable
information for understanding the relationship between the
porous characteristics and ST behavior.
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