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A novel shear thickening fluid (Z-STF) was developed via dispersing zeolitic imidazolate framework-8
(ZIF-8) nanoparticles into ethylene glycol (EG). By varying the morphologies of the ZIF-8 nanoparticles,
the rheological properties of the Z-STF were controlled. In comparison to the traditional SiO2 based STF
(S-STF), the Z-STF showed a superior shear thickening behavior because of the porous nature and poly-
hedron morphology of the ZIF-8 nanoparticles. Firstly, the EG molecule could be incorporated into the
micropores of ZIF-8, which increased the volume fraction of the dispersing phases and enhanced the
hydrodynamic forces between the particles. Secondly, the poor relative sliding of truncated cubic par-
ticles led to easily form a more robust structure of frictional contact network in truncated cube ZIF-8
based STF (TCZ-STF) than in truncated rhombic dodecahedron ZIF-8 based STF (TRDZ-STF) and S-STF,
thus the TCZ-STF showed smaller critical shear rates and higher maximum viscosities. This work pro-
vides a morphology turning method to design high performance STF and supplies a good understanding
of the relationship between ST behavior and particles’ structure. In view of the easy preparation and
wonderful mechanical properties, the Z-STF possessed broad application in damping, body armor, and
safe energy.
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Shear thickening fluid (STF) is a kind of non-Newtonian fluid
whose viscosity increases with an applied shear rate once the shear
rate comes up to its critical value [1–3]. Because of the interesting
shear thickening property, STF is suitable for many applications,
such as liquid body armor, shock absorbers, sports shoe cushion-
ing, and etc. [4–6]. Particularly, STF treated fabrics used for body
protective applications are widely studied in recent years [7–10].
Cwalina et al. [9] demonstrated that aramid textiles intercalated
with STF can endow a great enhancement to the garment’s cut
and puncture resistance. STF consists of a dispersing phase and a
dispersing media. The most common STF is prepared by dispersing
silica into ethylene glycol (EG) or polyethylene glycol. The proper-
ties of STF are highly dependent on the dispersing phase, the dis-
persing media, and the additives, in which the dispersing phase
is the most important factor. Changing the dispersing phase, such
as volume fraction, particle size, size distribution, shape, and sur-
face chemistry properties, can dramatically influence the rheolog-
ical properties of STF [11,12]. Generally, shear thickening is easier
to occur at high volume fractions. In the case of equal volume frac-
tions, the larger the particle size, the smaller the critical shear rate
[13,14]. Egres et al. [15] studied the influence of particles’ shape on
the ST properties of STF. They found that shear thickening was
more likely to occur when the dispersing phase was composed of
anisotropic particles. The suspension of rod-shaped particles was
most prone to show shear thickening behavior, followed by plate
particles, while the viscosity of spherical particles STF was the
smallest.

Various mechanisms, such as order-disorder transition, hydro-
cluster, and contact rheology model, have been developed to
explain the ST behavior. Studies have shown that the interparticle
stress was too small to exceed interparticle repulsion at low shear
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rates and the shear thickening could be explained by the formation
of hydrocluster [16,17]. The interaction between dispersed parti-
cles and solvent molecules was a vital factor for the formation of
hydrocluster [18]. In fact, hydrodynamic mechanism only
explained the mild viscosity increase at the onset of thickening,
but was not suitable for the discontinuous shear thickening (DST)
[19–21]. Many simulation calculations proved that the formation
of friction contact networks was the main reason for the emer-
gence of DST in STF [22,23]. Pednekar et al. [24] believed that the
particles had good dispersibility in the pure Brown state. Once
the attraction force was introduced in simulation, the friction con-
tact network formed by particles would have the ability to with-
stand the applied shear forces, resulted in an increase in
suspension viscosity and yield stress. In addition, it was found that
the friction played an important role in shear thickening. Hsiao
et al. [25] studied the rheological properties of concentrated col-
loidal suspensions with particles having different surface rough-
ness. They found that the volume fraction and critical stress
required for shear thickening were reduced with the increase of
particle surface roughness, and the results obtained by adjusting
the friction coefficient of the particles during the simulation were
consistent with the experimental results. Hsu et al. [26] measured
the sliding of the particles by lateral force microscopy and deter-
mined that the interaction of the rough surface was a ‘‘stick-slip”
frictional contact. It was confirmed that the friction between the
solid particles was very important in adjusting the shear thicken-
ing performance of the suspension.

Zeolitic imidazolate framework-8 is formed by bridging Zn2+

with 2-methylimidazole, which exhibits sodalite (SOD) zeolite-
type structure and has large cavities (11.6 Å) and small pore aper-
tures (3.4 Å). It possesses a large microporous volume of about
0.6 cm3/g and has a low density of nearly 1 g/cm3 [27–29]. The
ZIF-8 is widely used in fields of adsorption and gas separation for
its high porosities and large surface areas [30–32]. Due to its low
density, suspensions prepared from ZIF-8 would reduce the total
mass dramatically at the same volume fraction, which would facil-
itate their practical applications in flexible body protective applica-
tions and improve the economic efficiency of industrial processes.
The high surface area and rough surface of ZIF-8 may affect the
interaction between the particles as well as the interaction
between the particles and the dispersing media. As a result, the
ST effect is changed. In addition, ZIF-8 is thermally stable (up to
550 �C in N2) and has exceptional chemical resistance to boiling
alkaline solution, water and organic solvents, such as methanol,
benzene et al. [33] Moreover, it is important to recognize that
ZIF-8 displays good mechanical behaviors, which is hopeful to
work under considerable stresses and pressures [29]. By control-
ling the reaction conditions, various crystal morphologies of ZIF-
8, such as sphere, nanosheet, rhombic dodecahedron, cube, and
other polyhedrons, can be synthesized [34–37]. Because of the
porosity of ZIF-8, dispersing ZIF-8 in water or aqueous electrolyte
solutions could form a ‘‘zeosil-water” system, which could be used
for storage/restoration of mechanical energy. During the compres-
sion step, solutions intruded into the micropores of ZIF-8 by
absorbing mechanical energy. When the pressure was released,
solutions extruded from the micropores and hence behaved like
a spring, shock-absorber or bumper [38]. Considering ZIF-80s excel-
lent chemical and thermal stability, porous structure, tunable
microscopic morphology, and controllable surface properties, it is
expected that ZIF-8 can be used as a dispersing phase of STF to
optimize the ST behavior and deepen the understanding between
ST behavior and particles’ structure.

In this work, ZIF-8 was used as the dispersing phase for the first
time to prepare high performance STF. Truncated cube ZIF-8 (TC
ZIF-8) and truncated rhombic dodecahedron ZIF-8 (TRD ZIF-8)
nanoparticles were synthesized by controlling the reaction condi-
tions, such as time, the concentration of reactants and CTAB. The
ZIF-80s structure dependent ST behaviors of Z-STF were systemat-
ically investigated. Compared to TRDZ-STF and S-STF, TCZ-STF
exhibited better ST properties. On the one hand, the EG molecules
could be incorporated into the micropores to enhance the hydrody-
namic forces among the ZIF-8 nanoparticles. On the other hand, the
polyhedron morphology increased the interface frictions. This
work provides a new approach to designing high performance STFs
and supplies a good understanding of the relationship between ST
behavior and particle structure. In addition, as a novel shear thick-
ening system, ZIF-8 based STFs broaden the application of STF in
damping, ballistic and safe energy.

2. Material and methods

2.1. Materials

All chemicals were from commercial sources and used without
further purification: zinc acetate dihydrate (AR),
hexadecyltrimethyl-ammonium bromide (CTAB, AR), Tetraethy-
lorthosilicate (TEOS, liquid, CP), ammonium hydroxide (NH3�H2O,
liquid, 25–28%, AR), ethylene glycol (EG, AR), and ethanol (AR)
were purchased from Sinopharm Chemical Reagent Co., Ltd; 2-
methylimidazole (2-MiM, 99%) were purchased from Beijing Bail-
ingwei Technology Co., Ltd.

2.2. Preparation of ZIF-8 and SiO2 particles

ZIF-8 was prepared through an approach reported before with
some modifications [34] and SiO2 nanospheres were synthesized
via the modified Stöber sol–gel method.

2.2.1. Synthesis of TC ZIF-8 particles
Briefly, 14.4 g Zn(CH3COO)2�2H2O was dissolved in 240 mL of

water (solution 1). In another beaker, 53.6 g 2-MiM and varying
amounts of CTAB were dissolved in 240 mL of water (solution 2).
Pouring solution 1 into solution 2 quickly and stirring for a few sec-
onds. The resulting mixture was left undisturbed at 25 �C for 2 h,
following washed three times with ethanol to get the resulting
ZIF-8 particles. The obtained ZIF-8 nanoparticles were finally acti-
vated at 100 �C overnight under vacuum. To synthesize different
size of ZIF-8 nanoparticles, varying concentrations of CTAB were
used: for 240 nm, [CTAB] = 0.54 mM; for 300 nm, [CTAB]
= 0.44 mM.

2.2.2. Synthesis of TRD ZIF-8 particles
Firstly, 9.4 g Zn(CH3COO)2�2H2O dissolved in 156 mL of water

(solution 1). In another beaker, 44.7 g 2-MiM was dissolved in
water to obtain a 200 mL transparent solution (solution 2). Pouring
solution 1 into solution 2 quickly and stirring for a few seconds.
The resulting mixture was left undisturbed at 25 �C for 1 h, follow-
ing washed three times with ethanol to get the resulting ZIF-8 par-
ticles. The obtained ZIF-8 nanoparticles were finally heated at
100 �C overnight under vacuum to activate.

2.2.3. Preparation of the STF
A certain amount of EG was added to a beaker. Then the calcu-

lated mass of ZIF-8 (or SiO2) was slowly added to EG and dispersed
by stirring for 30 min. The suspension systems were then ultrason-
icated for another 4 h to obtain the Z-STF (or S-STF).

2.3. Characterization

The rheological properties of the STF were tested using Anton
Paar’s Physical MCR302 at 25 �C. The microstructures of ZIF-8



72 Y. Wu et al. / Advanced Powder Technology 31 (2020) 70–77
and SiO2 were characterized using an environmental scanning
electron microscope (SEM, Philips of Holland, model XL30 ESEM-
TMP) under 3 kV, and a transmission electron microscopy (TEM,
HT7700, Japan) under 100 kV. X-ray diffraction (XRD) patterns
were collected on an X-ray diffractometer (XRD, Smartlab, Rigaku,
Japan) with Cu Ka radiation (k = 1.54178 Å). The infrared (IR) spec-
tra of the samples were obtained by the Nicolet Model 759 Fourier
transform infrared (FT-IR) spectrometer in the wavenumber range
from 4000 to 400 cm�l with a KBr wafer. The thermal stabilities of
the samples were tested from room temperature to 700 �C under
N2 flow for balance and purge gases, which was investigated by a
DTG-60H. A Micromeritics Tristar II 3020 M was employed to
record the Brunauer-Emmett-Teller (BET) surface area and pore
volume of the samples. Before the tests, all of the samples were
activated at 100 �C for 5 h under vacuum. The surface composition
of the samples was obtained from X-ray photoelectron spec-
troscopy (XPS), which was carried by ESCALAB250. Before these
tests, TRDZ-STF was dried at 168 �C to obtain samples, which
was denoted as ZIF-8/EG.

3. Results and discussion

300 nm TC ZIF-8 nanoparticles are synthesized firstly (diameter
defined as the distance between opposing square facets), and they
exhibit uniform size as shown in Figs. 1a–c and S1. It should be
pointed out that the nanoparticles can be prepared in large-scale
and around 13 g TC ZIF-8 is obtained by one reaction. Generally,
the ZIF-8 seeds formed in the initial stage are cubic, and the subse-
quent evolution is dominated by (1 0 0) growth, resulting in rhom-
bohedral dodecahedral crystals, which are thermodynamically
stable [39,40]. In this paper, the widely used cationic surfactant
CTAB acted as a capping agent, which selectively adsorbed on the
{1 0 0} facets during the crystallization [36]. As a result, the trun-
cated cube ZIF-8 was obtained. X-ray diffraction pattern (XRD,
Fig. 1d) shows that the samples have sharp peaks which match
the ideal simulated XRD of ZIF-8, indicating that the obtained
Fig. 1. SEM images (a), (b) and TEM image (c) of 300 nm TC ZIF-8. Inset: photograph of th
rate for 300 nm TCZ-STF (e). Inset: photograph of 300 nm TCZ-STF.
product is crystallized ZIF-8. After dispersing the ZIF-8 into the
EG, the 300 nm CTZ-STF is obtained. Fig. 1e presents the static rhe-
ological properties of the 300 nm CTZ-STF. It is clear that with the
increase of volume fraction, the critical shear rates reduce and the
maximum viscosities increase. These results indicate that the ST
behavior becomes better with the increase of the ZIF-8 volume
fraction.

By increasing the CTAB concentration to 0.54 mM, 240 nm TC
ZIF-8 nanoparticles were synthesized. As shown in Figs. 2(a, d),
and S1, TC ZIF-8 retained the truncated cube microstructure, and
the size was smaller than the above one. It is reported that when
more CTAB is adsorbed on {1 0 0} facets, it hinders Zn2+ and 2-
MiM to attach to the surface of the crystals, and thus lead to the
smaller crystals. By controlling the reaction time and the concen-
tration of reactants, 400 nm TRD ZIF-8 nanoparticles can be also
obtained (Fig. 2(b and g), Fig. S1). The concentrations of Zn2+ and
2-MiM influence the crystal growth rate and the reaction time
decides the shape of ZIF-8. Because of the insufficient growth time,
the crystals cannot evolve into rhombic dodecahedral particles and
show as truncated rhombic dodecahedron at last. All of these sam-
ples present the characteristic XRD diffraction peaks of ZIF-8
(Fig. 1d), which confirms the successful formation of ZIF-8. In a
word, the shapes and sizes of ZIF-8 can be controlled by varying
the reaction conditions, which is important to design high perfor-
mance STF with tunable mechanical properties. Here, the SiO2

nanoparticles which are mostly used for preparing traditional S-
STF are also synthesized for comparing the ST behavior of Z-STF
and S-STF. As illustrated in Figs. 2(c, f), and S1, the microstructure
of SiO2 nanoparticles are spherical and have a similar particle size
(~450 nm) to TRD ZIF-8.

Here, all the above particles are used to prepare the STFs and
their rheological properties are compared. Similar to 300 nm
TCZ-STF, the ST behaviors of 240 nm TCZ-STF and 400 nm TRDZ-
STF become more intense when the volume fraction of the dispers-
ing phase increases (Fig. 2(g and h)). The shear thickening proper-
ties of TCZ-STF are also regulated by the size of ZIF-8. Fig. 2i shows
e 300 nm TC ZIF-8. XRD of ZIF-8 and ZIF-8/EG (d). The curve of viscosity versus shear



Fig. 2. SEM images of 240 nm TC ZIF-8 (a), (d); 400 nm TRD ZIF-8 (b), (e); 450 nm SiO2 (c), (f). The curve of viscosity versus shear rate for 240 nm TCZ-STF (g), 400 nm TRDZ-
STF (h) with different volume fractions. The curve of viscosity versus shear rate for TCZ-STF with different diameters at the same volume fraction (i).
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the initial viscosity and the maximum viscosities improve with the
increase of particle size, and the critical shear rate reduces with
increasing of the particles’ diameters. In summary, ST is more
likely to occur at larger particle sizes and higher volume fractions,
which agrees well with the previous research results [2,13,14].

The rheological properties of TRDZ-STF and S-STF, in which the
dispersing phases have similar shape and diameter, are also com-
pared (Fig. 3). Clearly, TRDZ-STF has lower critical shear rates
and higher maximum viscosities versus S-STF at the same volume
fractions. There are three possible reasons to illustrate this phe-
nomenon. (1) In terms of microstructure, the TRD ZIF-8 is anisotro-
pic compared with the SiO2 sphere, which results in better ST
Fig. 3. The curve of viscosity versus shear rate for TRDZ-STF and S-STF, whereas ZIF-
8 and SiO2 have similar shape and size.
behavior [15]. Before the shear-thickening state, there are shear
thinning regimes at both TRDZ-STF and S-STF. However, shear
thinning behavior is weaker in TRDZ-STF. It is speculated that the
weaker shear thinning behavior originates from the poorer relative
sliding of anisotropic TRD ZIF-8 particles. (2) As a porous material,
ZIF-80s surface is rougher than SiO2, which will induce larger fric-
tion when the particles contact under shearing and thus enhance
the ST behavior. (3) Because of the adsorption properties of ZIF-8,
EG can enter into the micropores of ZIF-8 and interact with ZIF-8
nanoparticles (Fig. 8a,b). This phenomenon increases the volume
fraction of the dispersing phases and enhances the hydrodynamic
forces between the ZIF-8 particles.

In this work, the presence of EG inside the micropores can be
verified by various measurements. Firstly, as shown in XRD pat-
terns (Fig. 1d), the characteristic peaks of ZIF-8/EG are same to
pure ZIF-8, indicating that the crystal structure of ZIF-8 remains
intact after mixing with EG and subsequent drying. It can also be
observed that the relative intensities of the peaks changed. Espe-
cially, the intensity of the (0 1 1) and (0 1 3) changed dramatically.
These changes demonstrate that the electron density within ZIF-8
may alter on account of EG incorporation [41,42]. However, it
should be pointed out that partial decomposition of the sample
would result in the change of XRD peak intensities as well. To
investigate whether the framework was partial decomposed, the
ZIF-8/EG was washed three times with ethanol and characterized
SEM. The SEM images (Fig. S2) shows that the obtained ZIF-8
almost remain the shape and size of the pristine ZIF-8, which con-
firms the stability of the particles is very high. Thus, in combina-
tion with the results of XRD and SEM, the crystal structure of
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ZIF-8 is remained intact during the Z-STF preparation and subse-
quent drying.

Fig. 4 shows the N2 adsorption and desorption isotherms of the
ZIF-8 and ZIF-8/EG. Both activated pristine ZIF-8 and ZIF-8/EG
show type-I isotherms, indicating their microporous natures. The
BET surface area of ZIF-8 is measured, it was 1426 m2 g�1 while
the ZIF-8/EG decreases to 537 m2 g�1. This phenomenon results
from the incorporation of EG. In addition, the pore volume
decreases from 0.6379 cm3 g�1 to 0.1969 cm3 g�1 correspondingly.
These reductions in the BET surface areas and the pore volumes
must be derived from the EG incorporation. Therefore, the BET
analysis confirms that the EG molecules can be incorporated into
the ZIF-8 to give more hydrophilic surface.

The surface element compositions of pristine ZIF-8 and ZIF-8/EG
are analyzed by XPS (Fig. 5). The atomic percentages of C, N, Zn,
and O are summarized in the inset table. Both ZIF-8 and ZIF-8/EG
clearly exhibit strong C1s, N1s, and Zn2p peaks. For pristine ZIF-
8, there is a weak O1s peak in the spectrum, which may be resulted
from the residual ethanol on the surface of the ZIF-8. For ZIF-8/EG,
the intensity of the O1s peaks is obviously enhanced, and the
atomic percentage of O in ZIF-8 and ZIF-8/EG are 4.3% and 8.95%,
respectively. However, the atomic percentages of C, N, and Zn just
show a slight decrease in ZIF-8/EG (Inset table). Thus, the EG is pro-
ven to be incorporated into ZIF-8 instead of wrapping the ZIF-8, to
form a core–shell structure.

To further illustrate the incorporation of EG in ZIF-80s microp-
ores, thermogravimetric analysis (TGA) and FT-IR are analyzed.
TGA (Fig. 6(a and c)) shows that the weight loss in ZIF-8/EG is lar-
ger than in ZIF-8 when they were heated under the same condi-
tions. This phenomenon results from the decomposition of EG
that incorporated in ZIF-8 micropores. The onset decomposition
temperature (Tonset) is related to the decomposition mechanism.
For pure EG, it begins to decompose at 40.5 �C, and they are decom-
posed completely when the temperature reaches to 169 �C. For
pristine ZIF-8, the Tonset is around 459 �C and the total weight loss
is about 71 wt% at the end of heating. As a comparison, the residual
mass of ZIF-8/EG under the same heating conditions is about 64 wt
% of the initial mass. The decomposition of ZIF-8/EG can be divided
into three stages. The first stage starts at 40 �C and it is consistent
with the Tonset of pure EG, the weight loss at this stage attributes to
the decomposition of EG whose interaction with ZIF-8 is negligible.
It is speculated that the EG molecules are located near the surface
of the framework and the amount of this type of EG is small with
only 4 wt% weight loss from TGA measurements. The second stage
can be mainly ascribed to the decomposition of EG which has
strong interaction with ZIF-8. There is a 20 wt% weight loss at this
Fig. 4. N2 adsorption-desorption isotherms of ZIF-8/EG and ZIF-8.
stage, which means that a large amount of EG is absorbed into the
micropores of ZIF-8. The last stage occurs at 590 �C, which is dra-
matically higher than the onset decomposition temperatures of
pure EG and pristine ZIF-8. It is supposed that the higher Tonset of
ZIF-8/EG originates from the changed decomposition mechanism.
This phenomenon indicates that EG can diffuse into the micropores
of ZIF-8 and it interacts directly with ZIF-8. Owing to the interac-
tions between ZIF-8 and EG, the ZIF-8/EG exhibits different ther-
mal stability with its individual components. Such an increase of
Tonset was also observed in the ZIF-8/ionic liquid system [30].
According to the TGA measurements, it should be pointed out that
the BET surface area and pore volume of ZIF-8/EG (Fig. 4) are lower
than the measured values, for the sample is activated at 100 �C for
5 h under vacuum before being tested, which must lead to partial
escape of EG from the framework.

The interactions between ZIF-8 and EG can be manifested by
changes in the FT-IR spectroscopy band positions. Here, the two
different frequency regions, 4000–1800 (Fig. 6b) cm�1 and 1600–
400 cm�1 (Fig. 6d) of the pure EG, ZIF-8, and ZIF-8/EG are com-
pared. It is apparent that there are some blue and red shifts in
the FT-IR spectra of EG’s characteristic peaks in ZIF-8/EG. These
shifts demonstrate that the EG interacts directly with ZIF-8. The
characteristic peaks of pure EG and ZIF-8 are given in Tables 1
and S1. Bands of the EG at 2946, 2881, and 882 cm�l show red
shifts (by 17, 5, and 1 cm�1, respectively), which can be ascribed
to the limited vibration of EG molecules by the cages of ZIF-8.
Other bands of EG exhibit blue shifts in ZIF-8/EG, to be specific,
peaks located at 3384, 1086, 1042, and 523 cm�1 shift by 7, 2, 4,
and 6 cm�1, respectively, to the high wavenumber. According to
Table 1, all of the X-O (X = C, H) stretching vibrations show blue
shifts, it may be originating from the hydrogen bonds between
EG and ZIF-8, O atom can draw electrons from ZIF-8 to enhance
the X-O bonds. The existence of hydrogen bonds was also demon-
strated by TGA measurements (Fig. 6(a and c)). Due to the associ-
ation effect of the hydrogen bonds, the Tonset of EG (at the second
stage) and ZIF-8 shifted to higher temperatures than their pure
components. The assignment of partial peaks of ZIF-8 was also ana-
lyzed. The shifts in the characteristic bands of ZIF-8 in ZIF-8/EG can
be observed as well (illustrated in Table S1). It indicates that EG is
incorporated into the micropores of ZIF-8 and has interactions with
ZIF-8. These interactions can be also evidenced by the changing
intensities of the XRD peaks of ZIF-8/EG (Fig. 1d).

Here, the absorbed amount of EG in ZIF-8/EG was estimated to
be 10.3 wt% for TRD ZIF-8 by TGA results (details of the calculation
can be founded in Supporting Information). In other words, the
53 vol% and 55 vol% TRDZ-STF are equivalent to 56 vol%, 58 vol%
S-STF respectively. As shown in Fig. 7a, TRDZ-STF still exhibits bet-
ter ST effect than S-STF when the changes of volume fraction that
originate from the incorporation EG into TRD ZIF-8 is excluded.
This ST effect increasing phenomenon can be explained by the
polyhedron morphology and rough surface of TRD ZIF-8. The poly-
hedron morphology leads to the poorer relative sliding of anisotro-
pic TRD ZIF-8 particles than SiO2 particles. The rough surface
enhances the friction between the particles. Thus, TRDZ-STF exhi-
bits weaker shear thinning behaviors, lower critical shear rates,
and higher maximum viscosities. In addition, it is interesting to
note that the initial viscosities of TRDZ-STF are significantly lower
than that of S-STF, which may be responded to the stronger inter-
action between ZIF-8 with EG. The adsorption capacities of 300 nm
and 240 nm TC ZIF-8 are estimated to be 13.1 wt% and 13.3 wt%,
respectively, by the method of soaking-drying-weighing (details
in Supporting Information). The adsorption capacity of 300 nm
and 240 nm TC ZIF-8 is similar, thus the corresponding ST perfor-
mance is mainly controlled by particle size. However, due to the
smaller particle size (or larger specific surface area), the adsorption
capacity of TC ZIF-8 is higher than TRD ZIF-8.



Fig. 5. Broad-range XPS spectra of ZIF-8 and ZIF-8/EG (a). Inset table: atomic percentages of C, N, Zn, O of ZIF-8 and ZIF-8/EG according to XPS measurements. The high
resolution spectra for oxygen of ZIF-8 and ZIF-8/EG (b).

Fig. 6. TGA results of EG, ZIF-8, and ZIF-8/EG: change of weight percent (a) and derivative weight percent (c) with increasing temperature; FT-IR spectra of EG, ZIF-8, and ZIF-
8/EG between 4000 and 1800 cm�1 (b) and 1600–400 cm�1 (d).

Table 1
Shifts in corresponding IR peaks of EG and ZIF-8/EG.

Assignment EG (cm�1) ZIF-8/EG (cm�1)

Stretching of OAH bonds 3384 3391
Antisymmetric stretching of CAH bonds 2946 2929
Symmetrical stretching of CAH bonds 2880 2876
Stretching of CAO bonds 1086 1088
Stretching of CAO bonds 1042 1047
In-plane bending of CAH bonds 882 881

Y. Wu et al. / Advanced Powder Technology 31 (2020) 70–77 75
The ST behaviors of TRDZ-STF and 300 nm TCZ-STF are also
compared at the same net volume fraction (Fig. 7b). Although the
TCZ-STF has a smaller particle size, it has higher initial viscosities
and shows superior ST properties than TRDZ-STF. This phe-
nomenon can be attributed to the different microstructure of the
dispersing phases. The higher initial viscosities result from the
poorer relative sliding of truncated cubic particles than truncated
rhombic dodecahedron. According to the contact rheology model,
the formation of friction contact networks was the main reason
for the emergence of DST in STF [22–26]. As illustrated in Fig. 8c,
truncated cubic particles and spherical particles have different
contact modes during the shear thickening process (TRD ZIF-8 is
simplified to a sphere). In the TCZ-STF, the interaction between
particles is mainly depended on face-to-face contact, and it would
restrict the particles’ rotating and sliding. In the TRDZ-STF, the
interaction between particles mainly carried out by point-to-



Fig. 7. The curve of viscosity versus shear rate for TRDZ-STF and S-STF at the same net volume fraction (a). The curve of viscosity versus shear rate for TRDZ-STF and 300 nm
TCZ-STF at the same net volume fraction (b).

Fig. 8. Crystal structure of ZIF-8 (a). (yellow sphere on behalf of the cavity of ZIF-8). (Zinc, carbon, and nitrogen atoms are shown in light blue, gray, and dark blue,
respectively.) (Hydrogen atoms are omitted for clarity). Representation of the incorporation of the EG into the micropores of ZIF-8 (b). The illustrations of interaction between
nanoparticles in the STF (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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point contact. As a result, the relative sliding of particles in the
TCZ-STF system is more difficult, and the friction contact is easier
to occur, thus the critical shear rates are lower.

As the shear rate increases, the friction gradually plays a dom-
inant role in the system, forming a frictional contact network,
and package structures evolved from the aggregations. At this
stage, the frictional contact network formed by truncated cubic
nanoparticles has a stronger structure, for the relative sliding of
truncated cubic particles is poorer than sphere particles. In addi-
tion, the solvent molecules are restricted within the package struc-
tures, leading to the dramatical increase of the effective volume
fraction of the dispersing phase. The frictional contact network
and the solvent molecules restricted within the package structures
lead the flowing to be more difficultly and increase the shear stress.
In other words, the viscosity of the system rises tempestuously.

4. Conclusions

In this work, ZIF-8 nanoparticles with different sizes and shapes
were synthesized and dispersed into the EG for the preparation of
high performance STFs. The characteristics of ZIF-8 particles can be
controlled by varying the reaction conditions. The ZIF-80s structure
dependent ST behaviors of Z-STF were systematically investigated
and the enhancing mechanismwas discussed. Firstly, the TRDZ-STF
exhibits better ST properties than S-STF, for EG can enter into the
micropores of ZIF-8 and show high interactions with ZIF-8, which
increases the volume fraction of the dispersing phases and
enhances the hydrodynamic forces between the ZIF-8. Then, the
ST behaviors of TCZ-STF and TRDZ-STF were compared at the same
net volume fraction. The poor relative sliding of truncated cubic
particles would lead to two results: (1) the formation of frictional
contact network in TCZ-STF is easier than in TRDZ-STF, thus the
critical shear rates are lower in TCZ-STF; (2) the formed frictional
contact network is more robust in TCZ-STF, which means the
TCZ-STF shows higher maximum viscosities. As a result, TCZ-STF
shows superior ST properties than TRDZ-STF. This work provides
a new ZIF-8 based STF system which supplies a good understand-
ing of the relationship between ST behavior and particles’ struc-
ture. In addition, it is expected that the introduction of ZIF-8 into
STF will broaden the application range of STF.
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