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Not only the polarizability but also the polarization rate of particles is important to the electro-

responsive electrorheological (ER) characteristic of particle suspensions. In this paper, we 

respectively use non-conducting graphene oxide (GO) and conducting reduced graphene oxide 

(r-GO) as core and use insulating SiO2 as shell to prepare core/shell-structured dielectric 

nanoplates for the purpose of achieving optimum ER response to different electric stimuli. The 

morphology and structure of samples are characterized by scanning electron microscopy, 

transmission electron microscopy, atomic force microscopy, X-ray diffraction, thermogravimetric 

analysis, Raman spectroscopy, and X-ray photoelectronic spectroscopy. The conductivity and 

dielectric properties are measured by impedance analyzer and the electro-responsive ER 

characteristics of nanoplates dispersed in insulating oil are investigated by rheometer. It 

demonstrates that coating with SiO2 can provide electrically insulating effect for GO or r-GO core, 

while GO vs. r-GO as core can induce distinctly different dielectric polarization response. 

Compared to GO/SiO2, r-GO/SiO2 shows significantly faster polarization rate due to the high 

conductivity of r-GO core. As a result, the r-GO/SiO2 suspension exhibits high ER response to 

high-frequency AC electric fields, while the GO/SiO2 suspension exhibits high ER response to DC 

or low-frequency AC electric fields. This different electro-responsive characteristic can be 

explained by the influence of polarization rate on interparticle interaction.  

 

Introduction 

Using an electric or a magnetic stimulus to control the 

rheological characteristics of fluids is very interesting because 

of the potential usage in the active control of conventional and 

intelligent devices.1,2 These fluids, whose rheology can be 

controlled by an external field, are referred as smart fluids. 

Electrorheological (ER) suspensions, consisting of polarizable 

particles in electrically insulating oil carrier, are a type of 

important smart fluids whose viscosity and viscoelastic 

properties can be tuned by an external electric field.3 Without 

an electric field, the particles are randomly dispersed in oil and 

the suspensions show a Newtonian fluid behavior. With an 

electric field, the dispersed particles are polarized and attract 

each other to form chain-like structures between two electrodes. 

The gap-spanning chain structures can largely increase the 

viscosity of suspensions within several milliseconds and the 

suspensions show a Bingham fluid behavior. When the electric 

field is removed, ER suspensions can rapidly go back to the 

initially low-viscous state. Because of the advantages including 

short response time, reversibility, and low power consumption, 

ER suspensions have potential uses as electrical–mechanical 

interfaces of various devices in mechanical, biomedical and 

robotic fields.4,5 However, the conventional ER suspensions 

based on micro-size particles often subject to poor dispersion 

stability and low ER effect and, thus, the real application is still 

limited.6,7  

Recent works of using nanoparticles as the dispersed phase 

have promoted much experimental activity to develop non-

conventional ER suspensions with improved dispersion stability 

and ER effect.8 In particular, compared to sphere-like particles, 

using elongated nanoparticles (e.g. nanofibers, nanotubes, and 

nanoplates) as the dispersed phase of ER suspensions has 

attracted significant interests due to enhanced properties.9 For 

example, Lin and Shan have reported that the suspension of 

carbon nanotubes exhibits much larger electrically induced 

viscosity than that of the suspension of glassy carbon spheres.9b 

We have demonstrated that the suspension of nano-fibrous 

polyaniline has much stronger ER effect and lower particle 

settling compared to the suspension of granular polyaniline at 

the same volume fractions.9c Wu et al. have prepared rod-like 

calcium titanyl oxalate with enhanced ER effect compared with 
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granular one.9g The property enhancement has been considered 

to be related to the large aspect ratio morphology and 

anisotropic electrical properties of elongated particles, which 

have largely influenced the interparticle interaction and the 

hydrodynamic property of suspensions under the simultaneous 

effect of both electric and shearing fields. 

Due to large aspect ratio, excellently electrical properties, 

and facile preparation, graphene and its oxide (graphene oxide) 

have also received growing attention as the active component 

or filler of electro-responsive ER suspensions.10,11 Pure 

graphene oxide (GO) can be directly used as the dispersed 

phase of ER suspensions due to its low conductivity.12 But it is 

difficult to disperse pure GO in nonpolar oils (e.g. silicone oil 

and mineral oil) because of the hydrophilic nature of lots of 

oxygen-containing functional groups on GO. Therefore, more 

studies have concentrated on the ER effect of GO-based 

composites, such as GO/polyaniline, GO/polystyrene, GO/silica 

hybrid, GO-wrapped TiO2, etc.11 However, the composites are 

micro-size stacking particles and the large particle settling 

problem still needs to overcome. Contrary to GO, pure 

graphene is not able to be used as the dispersed phase of ER 

suspensions because its high conductivity easily causes current 

leaching and dielectric breakdown. To overcome this problem, 

we have proposed a strategy of coating insulating layer onto 

graphene and developed novel core/shell-structured graphene 

composite nanoplates for ER suspension application.10 The 

composite nanoplates possess not only large-aspect-ratio plate-

like morphology but also decreased conductivity. These 

characters endow the graphene composite nanoplates with 

potential as the novel dispersed phase of non-conventional ER 

suspensions. In addition, because the structure and properties of 

core or shell can be controllably adjusted, the unique core/shell 

nano-architecture may be interesting to understand ER 

mechanism and achieve optimum ER response to different 

electric stimuli for special applications. 

In this paper, for the purpose of achieving optimum ER 

response to different electric stimuli, we respectively use non-

conducting GO and conducting reduced GO (r-GO) as core and 

use insulating SiO2 as shell to prepare core/shell-structured 

dielectric nanoplates by a simple wet-chemical method. The 

formation of core/shell nanoplate structure is confirmed by 

scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), atomic force microscopy (AFM), X-ray 

diffraction (XRD), thermogravimetric analysis (TGA), Raman 

spectroscopy, and X-ray photoelectronic spectroscopy (XPS). 

The conductivity and dielectric properties of nanoplates are 

measured by impedance analyzer and the ER characteristics of 

their suspensions in silicone oil are comparably investigated by 

rheological test under various electric fields. The results show 

that coating with SiO2 can provide an electrically insulating 

effect for GO or r-GO core, while GO vs. r-GO as core can 

induce distinctly different dielectric polarization due to their 

different conductivity. As a result, GO/SiO2 and r-GO/SiO2 

exhibit different ER response to DC and AC electric stimuli. 

This different electro-responsive characteristic can be explained 

by the influence of polarization rate on interparticle interaction. 

Experimental section 

Materials  

Tetraethylorthosilicate (TEOS), ammonia, hydrazine, and 

natural graphite plates with mean size of ~20 µm were 

purchased from Sinopharm Chemical Reagent Co. Ltd. of 

China. Pluronic F-127 ((PEO)106(PPO)70(PEO)106) was 

purchased from Aldrich. All the chemicals were of analytical 

grade and were used without further purification. 

Preparation of GO/SiO2 and r-GO/SiO2 nanoplates 

Firstly, GO was synthesized from natural graphite by an 

improved Hummers method.13 Simply, 18.0 g of KMnO4 were 

added into a 9:1 mixture of concentrated H2SO4/H3PO4 (360:40 

mL) under stirring and then 3.0 g of graphite flakes was added 

to form uniform suspension. The suspension was heated to 50 
oC and stirred for 12 h. After that, the suspension was cooled to 

4 oC and poured with 3 mL of 30% H2O2. The filtrate was 

centrifuged and the remaining yellow solid was washed in 

succession with 30% HCl solution several times. After further 

washing with water to pH=5-6 and drying in vacuum, GO 

powder was obtained. Subsequently, 30.0 mg of dry GO powder 

was dispersed into 100 mL of ethanol containing 1.2 g Pluronic 

F-127 by ultrasonic agitation for 30 min at frequency of 40 kHz 

and power of 100 W. Here, Pluronic F127 as the amphiphilic 

copolymer adheres to the surface of GO and facilitates the 

heterogeneous nucleation of TEOS. Then, 4.0 mL of ammonia 

and 8.0 mL of water were respectively added into the 

dispersion to form yellow transparent colloid dispersion. After 

that, 20 mL of ethanol containing 2.0 mL of TEOS was added 

dropwise into the above GO colloid dispersion under stirring. 

After stirring for 12 h at 30 oC, grey precipitate was formed. 

Finally, the precipitate was centrifugally separated and washed 

with hot ethanol several times to remove Pluronic F-127 and 

get resulting plate-like GO/SiO2 powder. Yield: ~0.6 g. The 

weight ratio of GO to SiO2 is ~1:20 according to TGA result.  

The r-GO/SiO2 nanoplates were prepared by reducing 

GO/SiO2 in hydrazine solution. Typically, 0.3 g of GO/SiO2 

was dispersed into 30 mL of water containing 1.5 mL hydrazine 

by ultrasonic agitation. After heating treatment for 2 h at 95 oC, 

black precipitate was formed. The precipitate was centrifugally 

separated and washed with ethanol several times to obtain 

resulting plate-like r-GO/SiO2 powder. Yield: ~0.25 g. The 

weight ratio of r-GO to SiO2 is ~1:18 according to TGA result. 

In addition, pure r-GO could also be obtained by reducing pure 

GO (15 mg) in hydrazine solution (1.5 mL hydrazine in 30 mL 

water) by the same process.  

Preparation of ER suspensions 

GO/SiO2 and r-GO/SiO2 nanoplates were dried at 100 oC in 

vacuum for 48 h and then were suspended into dimethyl 

silicone oil (KF-96, 50 Cst, Shin-Etsu Chemical Co. Ltd.). The 

suspensions were treated for 30 min by ultrasonic agitation at 

frequency of 40 kHz and power of 100 W in order to fully 

disperse the nanoplates into silicone oil. The volume fraction 
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(φ ) of nanoplates in suspensions is defined by the ratio of the 

nanoplate volume (Vp) to the total volume (V) of suspensions. 

The nanoplate volume is defined by Vp=mp/ρp, where mp is the 

nanoplate mass and ρp is the nanoplate density. Here, ρp is 

measured by displacement of water in pycnometer. During 

density measurement, the pycnometer was placed in an 

ultrasonic cleaning bath and connected with a vacuum pump. 

After ultrasonication under reduced pressure for 30 s to remove 

residual air in powder and make water fully wet the powder, the 

density was measured. The value of ρp of GO/SiO2 is 1.59 

g/cm3, which is slightly lower than 1.64 g/cm3 of r-GO/SiO2. 

Characterization and measurements  

The morphology of samples was observed by a scanning 

electron microscopy (SEM, JSM-6700F), transmission electron 

microscopy (TEM, FEI Tecnai F30 G2), and atomic force 

microscopy (AFM, Dimension Icon). The dilute 

nanoplate/ethanol dispersion was dropped on the lacey support 

film for TEM observation. The crystal structure of samples was 

determined by a powder X-ray diffraction pattern (XRD, 

Philips X’Pert Pro) with a CuKα irradiation at 40 kV/35 mA. 

The thermal decomposition of samples was determined by a 

thermogravimetric analysis (TGA, Netzsch STA449F3) with a 

heating rate of 10 oC/min within the temperature range of 30-

800 oC in air. The surface composition of samples was analyzed 

by an X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific K-Alpha) with a monochromatic AlKα source. All 

XPS spectra were corrected by the C1s line at 284.6 eV. The 

chemical state of samples, especially for GO vs. r-GO core, was 

clarified by Raman spectroscopy on a Micro-Raman 

spectrometer (Raman, invia) at 532 nm. 

The DC conductivities of pure GO, GO/SiO2 and r-GO/SiO2 

were measured by a two-point method on a digital high 

ohmmeter (Keithley 6517B). Prior to measuring, the powder 

was compressed into pellet and then silver electrodes were 

deposited on both sides. The DC conductivity of pure r-GO was 

measured by a four-point method (RTS-8) on compressed pellet.  

The dielectric properties of nanoplates in suspensions were 

measured by an impedance analyzer (HP 4284A) in the 

frequency range of 20 – 106 Hz using a measuring fixture (HP 

16452A) for liquids. 1 V of bias electrical potential was applied 

to suspensions during measurement. It was so small that no 

chain structures was formed within suspensions, thus we could 

get the true behavior of interfacial polarization of nanoplates 

and make an equitable comparison of different samples.  

The ER characteristics of suspensions were measured by a 

stress-controlled rheometer (Thermal-Haake RS600) with a 

parallel plate system (diameter = 35 mm, gap = 1.0 mm), DC 

and AC high-voltage generators, and an oil bath system. The 

flow curves of shear stress vs. shear rate were measured by the 

controlled shear rate (CSR) mode within 0.1 - 1000 s-1 at room 

temperature. Before each measurement, we presheared the 

suspensions for 60 s at 300 s-1 and then applied electric fields 

for 30 s to ensure the formation of equilibrium chain structures 

before shearing. The static yield stress (τs), which is defined as 

the stress that allows a solidified ER suspension to start to flow, 

was approximately obtained with the shear stress in the low 

shear rate region according to the flow curves. The dynamic 

yield stress (τd) was obtained by extrapolating the flow curves 

to zero shear rate with the Bingham fluid model as shown in the 

following equation (1):   

 

               γηττ &
pld +=                               (1) 

where, τd is the dynamic yield stress, ηpl is the plastic viscosity 

and γ&  is the shear rate.14 

Results and discussion 

Fig. 1 shows the schematic diagram of the preparation of the 

core-shell structured GO/SiO2 and r-GO/SiO2 nanoplates. 

Firstly, the GO colloid (Fig. 1(a)) was prepared. Then, SiO2 

shell was coated on the surface of GO sheets by the 

hydrolyzation and condensation of TEOS under the help of 

amphiphilic copolymer. After washing and dry, the resulting 

GO/SiO2 is obtained and its appearance is grey powder (Fig. 

1(b)). After hydrazine reduction, the grey GO/SiO2 powder is 

changed into black one (Fig. 1(c)) due to GO core is reduced 

into r-GO core.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic preparation process of the core-shell structured GO/SiO2 

and r-GO/SiO2 nanoplates and the corresponding photograph of the 

appearance of samples: (a) GO colloid; (b) GO/SiO2; (c) r-GO/SiO2. 

 

Fig. 2 shows the SEM and TEM images of typical 

GO/SiO2 (GO: SiO2 = ~1:20) and r-GO/SiO2 (r-GO: SiO2 = 

~1:18) samples. Pure GO is very thin with thickness of ~1.0 nm 

(see AFM image in Fig. 3(a)) and it can be well dispersed in 

water or ethanol, but it is easy to stack into large agglomerate 

after dry (see Fig. S1(a) in the ESI†). As shown in Fig. 2(a), 

however, the GO/SiO2 shows free-standing plate-like 

morphology after dry, indicating that coating with SiO2 has well 

restrained the stacking of GO. The lateral size of plates is 1-5 

µm and the total thickness is ~30 nm (inset in Fig. 2(a) and 

AFM image in Fig. 3(b)). Thus, the thickness of SiO2 shell is 

~15 nm. Pure r-GO, which is obtained by reducing GO by 

hydrazine, is also stacking agglomerate (Fig. S1(b) in the ESI†) 

but it is very difficult to re-disperse into water or ethanol due to 

strong π-π interaction between layers.15 Therefore, we cannot 

directly use pure r-GO to prepare r-GO/SiO2 but use hydrazine 

to reduce GO/SiO2 into r-GO/SiO2. As shown in Fig. 2(b), the 

r-GO/SiO2 obtained by reducing GO/SiO2 by hydrazine still 
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maintains free-standing nanoplate morphology. Its lateral size 

and thickness are similar to those of the GO/SiO2 (inset in Fig. 

2(b) and AFM image in Fig. 3(c)). Furthermore, no free SiO2 

particles are observed from the SEM, TEM and AFM images of 

GO/SiO2 or r-GO/SiO2 and the surface of GO or r-GO is 

uniformly covered by amorphous SiO2 according to the TEM 

images in Fig. 2(c) and (d). This can be attributed to the fact 

that GO sheets facilitate the heterogeneous nucleation of TEOS 

during hydrolyzation and condensation with the help of 

amphiphilic Pluronic F127 copolymer. In absence of GO in 

reaction, we only get sphere-like SiO2 particles, also supporting 

this point. In addition, the selected-area electron diffraction 

(SAED) pattern of GO/SiO2 shows weak six-fold symmetry 

diffraction spots (marked by arrows in inset of Fig. 2(c)), which 

are similar to the SAED of carbon rings in GO.16 We consider 

that these diffraction spots should be originated from the GO 

core and their weak intensity can be ascribed to the coverage of 

amorphous SiO2 shell. It also hints the formation of core/shell 

structure in the GO/SiO2 nanoplates. The SAED spots of r-

GO/SiO2 is much weaker compared to those of GO/SiO2 (see 

inset of Fig. 2(d)). This may be attributed to the decrease of the 

size of in-plane sp2 domains due to the reduction of GO by 

hydrazine and the reestablishment of graphene network after 

removing oxygen functional groups.17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 SEM images of samples: (a) GO/SiO2 and (b) r-GO/SiO2; TEM and 

SAED (inset) images of samples: (c) GO/SiO2 and (d) r-GO/SiO2 (Scale bar 

= 5 µm for (a) and (b); Scale bar = 200 nm for insets in (a) and (b); Scale bar 

= 100 nm for (c) and (d)). 

 

 

 

 

 

 

 

 

 

 

Fig. 3 AFM images of samples: (a) GO; (b) GO/SiO2; (c) r-GO/SiO2 (Scale 

bar = 1 µm for (a), (b) and (c)). 

 

Fig. 4 shows the XRD pattern of samples. Pure GO shows a 

low-angle diffraction peak at ~9.5o corresponding to (002) 

plane of GO stacking (Fig. 4(a)).13 After coating with SiO2, the 

9.5o diffraction peak disappears and the sample only shows a 

broad peak at ~22.0o corresponding to amorphous structure of 

SiO2 (Fig. 4(c)). This indicates that coating with SiO2 has 

restrained the stacking of GO, which is in accordance with the 

SEM observation. Pure r-GO shows an abroad strong 

diffraction peak at ~24.0° and a weak diffraction peak at ~43.7°, 

corresponding to the (002) and (100) planes of graphite, 

respectively (Fig. 4(b)).18 It indicates that GO is reduced into r-

GO by hydrazine solution and form graphite stacking due to 

strong π-π interaction between layers. The r-GO/SiO2 also only 

shows a broad peak at ~22.0o corresponding to amorphous SiO2 

and the diffraction peak of the (002) plane of graphite does not 

appear (Fig. 4(d)). It also indicates that the r-GO core is not 

restacking due to coating with SiO2 shell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 XRD patterns of samples: (a) GO; (b) r-GO; (c) GO/SiO2; (d) r-

GO/SiO2. 

 

Fig. 5 shows the TGA trace of samples under air atmosphere. 

Pure GO shows a two-step weight loss at ~200 °C and 450-

550 °C (Fig. 5(a)). The first one can be attributed to the 

pyrolysis of oxide functional groups, while the second one can 

be attributed to the combustion of bulk carbon material.19 Pure 

r-GO, which is obtained by reducing GO by hydrazine, mainly 

exhibits a large single-step weight loss at 400-600 °C due to the 

combustion of bulk carbon and does not show significant 

weight loss at ~200 °C due to the pyrolysis of oxide functional 

groups (Fig. 5(b)). This indicates that GO is reduced into r-GO 

according to the previous report.20 As shown in Fig. 5(c), the 

GO/SiO2 shows an approximate two-step weight loss at 100-

250 °C due to the removal of physical water and the pyrolysis 

of oxide functional groups in GO core, 300-500°C due to the 

stimulus removal of GO core and small amount of residual 

organic in SiO2 shell. As shown in Fig. 5(d), however, the r-

GO/SiO2 shows a broad single-step weight loss at 300-600 °C, 

which can be due to the stimulus removal of r-GO core and 

small amount of residual organic in SiO2 shell. In particular, no 

significant weight loss at lower temperature than 300 °C 

indicates that the core in r-GO/SiO2 has been deoxygenated. 
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Therefore, using hydrazine treatment can not only reduce pure 

GO into r-GO but also reduce the GO core in GO/SiO2 into r-

GO core. To further verify this, we also characterize it by XPS 

and Raman spectra in the following section. In addition, by 

comparing the weight loss of GO/SiO2 and r-GO/SiO2 with that 

of pure SiO2 (Fig. 5(e)), we can get the weight ratio of GO to 

SiO2 and r-GO to SiO2 is ~1:20 and ~1:18, respectively. It is 

close to the initial ratio of raw materials in the reaction, 

indicating a high yield.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 TGA curves of samples: (a) GO; (b) r-GO; (c) GO/SiO2; (d) r-

GO/SiO2; (e) SiO2. 

 

The surface composition of samples is clarified by XPS 

spectra. As shown in Fig. 6(a), pure GO mainly contains C and 

O elements. The O content is 35.42 at% (see Table 1). The 

deconvolution of the core-level C1s XPS spectrum of GO 

shows types of carbon bonds including C=C/C–C (284.6 eV), 

C–O (287.1 eV), and C=O (289.5 eV) (see Fig. S2(a) in the 

ESI†). After coating with SiO2, the intensity of C1s peak 

decreases but the intensity of O1s peak increases (Fig. 6(c)). At 

the same time, the Si2s and Si2p peaks appear. Meanwhile, the 

O/Si atomic ratio is ~1.86, which is close to 2. It indicates that 

the surface of GO sheets should be mainly covered by SiO2. As 

shown in Fig. 6(b), pure r-GO obtained by reducing GO by 

hydrazine contains C, O, and small amount of N elements. 

Compared to GO, the O content in r-GO is decreased to ~18.40 

at%. At the same time, the intensity of the C=C/C–C bond 

(284.6 eV) increases but the intensity of oxidized carbon bonds 

(C–O at 286.9 eV and C=O at 288.5 eV) noticeably decreases 

(see Fig. S2(b) in the ESI†). These indicate that GO has been 

deoxygenated to form r-GO.21 As shown in Fig. 6(d), the 

intensity of C1s peak decreases but the Si2s and Si2p peaks 

appear in the r-GO/SiO2. The O/Si atomic ratio is ~1.78, which 

is close to 2, indicating that the coverage on the surface of r-GO 

is also SiO2. 

 

Table 1. Surface element content analysis of samples.  

Samples              C (at%)            O (at%)         N (at%)        Si (at%)         

GO                        64.58           35.42                -                   - 

GO/SiO2               40.53           38.65                -                20.83 

r-GO                     77.85           18.40               3.76               - 

r-GO/SiO2            37.35           40.12                 -                22.53
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 XPS spectra of samples: (a) GO; (b) r-GO; (c) GO/SiO2; (d) r-

GO/SiO2. 

 

The chemical state of GO and r-GO cores in the core/shell 

nanoplates is clarified by Raman spectroscopy because it is a 

very effective tool to determine the structural variation of 

carbonaceous materials. As shown in Fig. 7(a) and (b), pure GO 

and r-GO show the D band at ~1350 cm-1 due to the defect-

induced breathing mode of sp2 rings and the G band at ~1590 

cm-1 due to the first order scattering of the E2g phonon of sp2 

carbon atoms.22 Besides D and G bands, the GO/SiO2 and r-

GO/SiO2 (see Fig. 7(c) and (d)) also show weak feature peak of 

SiO2 at ~490 cm-1 corresponding to the siloxane ring breathing 

mode,23 indicating the coexistence of GO or r-GO and SiO2 in 

the core/shell composite nanoplates. In addition, the relative 

intensity ratio of D band to G band (ID/IG) is a measure of 

disorder degree and is inversely proportional to the average size 

of sp2 clusters.24 Compared to that (ID/IG=0.93) of GO, ID/IG of 

r-GO is increased to 1.03. The similar slight increase of the 

ID/IG ratio of GO after hydrazine reduction has also been 

observed in previous reports.25,26 It reflects that more graphitic 

domains are formed and the sp2 cluster number is increased, 

indicating the conversion of GO into r-GO.27 Similarly, 

ID/IG=1.04 for the r-GO/SiO2, which is higher than that 

(ID/IG=0.93) of the GO/SiO2, also indicating that the GO core in 

nanoplates has been well conversed into r-GO core. In order to 

verify the conversion of GO core into r-GO core more clearly, 

we further remove the SiO2 shell by etching GO/SiO2 and r-

GO/SiO2 in HF solution. The deconvolution of the C1s XPS 

spectrum (see Fig. S3 in the ESI†) shows that the residual core 

material of GO/SiO2 after HF etching possesses C=C/C–C 

(284.6 eV), C–O (286.9 eV), and C=O (289.0 eV) bonds, which 

are in accordance with the GO form. However, the C=C/C–C 

bond (284.6 eV) of the residual core material of r-GO/SiO2 

after etching is significantly strong and the oxidized carbon 

bonds (C–O and C=O) are weak, which clearly indicates that 

the core of r-GO/SiO2 is the r-GO form.21  
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Fig. 7 Raman spectra of samples: (a) GO; (b) r-GO; (c) GO/SiO2; (d) r-

GO/SiO2. 

 

The conductivity of pure GO is ~8.4×10-6 S/cm and that of r-

GO is ~5.6 S/cm. After coating with SiO2, the conductivity is 

decreased to ~6.5×10-10 S/cm for the GO/SiO2 and ~1.7×10-9 

S/cm for the r-GO/SiO2. The large decrease in conductivity 

indicates that SiO2 shell has been well coated onto GO or r-GO 

surface and it is providing an effectively electrically insulating 

effect for GO or r-GO core. The dielectric spectra of GO/SiO2 

and r-GO/SiO2 when dispersed in silicone oil are presented in 

Fig. 8. The dielectric parameters (Table 2) are determined by 

fitting the spectra by the following Cole-Cole equation: 
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where, ε* is the complex permittivity, ε′0 and ε′∞ are the limit 

values of the relative permittivity at the frequencies below and 

above the relaxation frequency, respectively, ω is an angle 

frequency, τ is a dielectric relaxation time, and α is the 

scattering degree of relaxation time. ∆ε’=ε0’-ε∞’ respects the 

magnitude of achievable polarization and τ reflects the rate of 

polarization. These two parameters are important to ER effect 

because the former is related to the magnitude of interparticle 

interaction, while the latter is related to the stability of 

interparticle interaction and the reorganization of chain 

structures under the simultaneous effect of both electric and 

shearing fields.28-30 As seen, both suspensions exhibit 

interfacial polarization with a clear dielectric relaxation peak 

within measured frequency range. The ∆ε’ value of the r-

GO/SiO2 suspension is about 0.92, which is slightly larger than 

0.90 of the GO/SiO2 suspension. However, the τ value of the 

latter is 4.5×10-7 s, which is significantly faster than 3.2×10-4 s 

of the former. This indicates that the achievable polarizability 

of r-GO/SiO2 is slightly larger than that of GO/SiO2, but its 

polarization rate is much faster compared to GO/SiO2. The 

faster polarization rate can be attributed to the fact that the core 

substrate in r-GO/SiO2 has higher conductivity compared to 

GO/SiO2 because other factors, such as particle morphology, 

shell thickness, and electric parameter of surrounding medium, 

are similar for both nanoplate suspensions.31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Dielectric constant (open symbol) and loss factor (solid symbol) as a 

function of frequency for GO/SiO2 suspension (square symbol) and r-GO/ 

SiO2 suspension (circle symbol). The dash line is fitted by the Cole-Cole 

equation (φ = 3 vol%, T=23 
o
C). 

 

Table 2. Conductivity and dielectric properties of GO/SiO2 and r-GO/ SiO2 

suspensions (φ = 3 vol%, T=23 
o
C).  

Samples         ε′0           ε′∞      ∆ε′
a
       ε′′

 b
      fmax(kHz)    τ(s)

c
      σp(S/cm)

d 

GO/SiO2      3.67    2.77     0.90     0.23        0.5       3.2×10
-4

    ~6.5×10
-10

 

r-GO/SiO2   3.83     2.91    0.92     0.25        300       4.5×10
-7

    ~1.7×10
-9

 
a 
The dielectric constant increment of suspensions calculated by ∆ε

’
=ε′0-ε′∞; 

b
 The 

dielectric loss factor of suspensions at the frequency (fmax) of dielectric relaxation 

peak; 
c
 The dielectric relaxation time of suspensions calculated by τ=1/(2πfmax);

 d
  

The DC conductivity of nanoplates.  

 

Therefore, based on the characterizations above, by a simple 

wet-chemical method, not only core/shell-structured nanoplates 

with a non-conducting GO core but also nanoplates with a 

conducting r-GO core have been obtained. The SiO2 shell has 

provided an effectively insulating effect for GO or r-GO core, 

while GO vs. r-GO as core has induced significantly different 

polarization response. Since not only the polarizability but also 

the polarization rate of particles is important to ER effect, the 

different polarization response is expected to induce different 

ER response to different electric stimuli. In the following, we 

comparably investigate the ER characteristic of GO/SiO2 vs. r-

GO/SiO2 when subjected to DC and AC electric fields. 

Fig. 9(a) and (b) respectively shows the flow curves of shear 

stress vs. shear rate for the GO/SiO2 suspension under DC 

electric fields and high-frequency AC electric fields with 1 

kHz. In absence of electric fields, the suspension is shearing 

thin but does not possess an obvious yield stress. The off-field 

viscosity is ~0.25 Pas at 1000 s-1. When electric fields are 

applied, the suspension exhibits a significant increase in shear 

stress, so-called ER effect, and behaves like a plastic material 

with a yield stress. This can be attributed to the formation of 

gap-spanning chain structures between electrodes due to the 

polarization and electrostatic interaction between nanoplates, 

which is hindering flow. As the electric field strength increases, 

the ER effect increases due to the increase of electric field-

induced interparticle interaction. Meanwhile, the leaking 

current density of GO/SiO2 suspension is ~1.5 µA/cm2 at 2 

kV/mm of DC electric field. Concerning the effect of different 

electric stimuli, however, there is distinctly difference in the 
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rheogram. Under DC electric fields, the GO/SiO2 suspension 

not only possesses a high yield stress but also maintains a stable 

flow behavior in wide shear rate region after the appearance of 

yield stress. The widely accepted flow model for ER 

suspensions, i.e. the Bingham fluid model,32 is able to fit the 

flow curves as shown by the dash lines in Fig. 9(a). Under high-

frequency AC electric fields, however, the yield stress of 

suspension is significantly lower compared to that under DC 

electric fields. For example, the yield stress is about 200 Pa at 2 

kV/mm of AC electric field, which is much lower than 680 Pa 

at 2 kV/mm of DC electric field. At the same time, the shear 

stress tends to continuously climb up with shear rate after the 

appearance of yield stress and the flow curves departure from 

the Bingham model in the low shear rate region (see the dash 

lines in Fig. 9(b)). These reflect that the ER effect of GO/SiO2 

degrades on exposure to high-frequency AC electric stimuli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Flow curves of shear stress vs. shear rate for GO/SiO2 suspension 

under DC electric fields (a) and under AC electric fields with frequency of 1 

kHz (b) (φ =3 vol%, T=23 
o
C). 

 

Fig. 10(a) and (b) respectively shows the flow curves of 

shear stress vs. shear rate for the r-GO/SiO2 suspension under 

DC electric fields and high-frequency AC electric fields with 1 

kHz. In absence of electric fields, the suspension is also 

shearing thin and does not possess a yield stress. The off-field 

viscosity is ~0.24 Pas at 1000 s-1, which is very close to that of 

the GO/SiO2 suspension. This can be attributed to the fact that 

r-GO/SiO2 almost has the same morphology, size, density, and 

surface property as GO/SiO2. When electric fields are applied, 

the r-GO/SiO2 suspension also exhibits a significant ER effect 

and the ER effect increases with the increase of electric field 

strength. Meanwhile, the leaking current density of r-GO/SiO2 

suspension is ~3.5 µA/cm2 at 2 kV/mm of DC electric field. 

Compared with the GO/SiO2 suspension, however, the r-

GO/SiO2 suspension exhibits significant different rheogram. 

The first difference concerns the rheogram under DC electric 

fields. Different from the stable flow behavior of GO/SiO2 

suspension in Fig. 9(a), although the yield stress of the r-

GO/SiO2 suspension is high, the shear stress tends to decline as 

a function of shear rate to a minimum value after the 

appearance of yield stress and then increases again (see Fig. 10 

(a)). The similar shear stress decrease at a low shear rate region 

has also been observed in other ER materials under DC electric 

fields.33 The Bingham fluid model is not able to fit the flow 

curves, especially in the low shear rate region as shown by the 

dash lines in Fig. 10(a). The second difference is that the ER 

effect of the GO/SiO2 suspension degrades on exposure to high-

frequency AC electric fields, while the ER effect of the r-

GO/SiO2 suspension seems to become better. As shown in Fig. 

10(b), under AC electric fields with 1 kHz, the r-GO/SiO2 

suspension not only maintains high yield stress but also shows a 

stable flow behavior after the appearance of yield stress. The 

different rheogram above clearly indicates that the r-GO/SiO2 

has a distinctly different ER response from the GO/SiO2. We 

consider this is attributed to the different dielectric polarization 

response between r-GO/SiO2 and GO/SiO2, which has resulted 

in different interparticle interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Flow curves of shear stress and shear viscosity vs. shear rate for r-

GO/SiO2 suspension under DC electric fields (a) and under AC electric 

fields with frequency of 1 kHz (b) (φ =3 vol%, T=23 
o
C). 
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It is known that the rheological behavior of ER suspensions 

is dominated by the completion between the interparticle 

electrostatic interaction induced by electric fields and the 

hydrodynamic interaction induced by shearing fields.32 The 

interparticle electrostatic interaction tends to maintain gap-

spanning chain structures and hinder the flow, while the 

hydrodynamic interaction tends to destroy chain structures and 

promote the flow. At low shear deformation, the hydrodynamic 

interaction is too small to overcome the electrostatic interaction 

and, as a result, the chain structures are not distorted and ER 

suspensions approximately behave as an elastic solid with a 

well-defined yield stress. As the shear rate increases and 

exceeds yield point, ER suspensions start to flow and the flow 

behavior depends on the balanced situation where the chain 

structures are continuously broken and rebuilt by the 

completion between interparticle electrostatic interaction and 

hydrodynamic interaction. In this case, not only polarizablity 

but also polarization rate of particles is important because the 

polarization rate is related to the stability of interparticle 

interaction and the reorganization of chain structures under 

simultaneous effect of both electric and shearing fields.32 Under 

DC electric fields, it has proposed that ER suspensions with a 

polarization rate corresponding to the relaxation frequency 

within 102-105 Hz are appropriate for achieving a good 

rheological performance. Too slow or too fast polarization rate 

is not favorable to the stability and the reorganization of chain 

structures during flow because that too slow polarization rate 

easily results in insufficient particle polarization during flow, 

while too fast polarization rate easily results in the increase of 

repulsive interaction between particles due to the difference 

between the polarization direction and the direction connecting 

two particles.30a From Fig. 8, we can see that the polarization 

rate of GO/SiO2 suspension is ~3.2×10-4 s and the 

corresponding relaxation frequency is ~500 Hz, which is 

appropriate for DC electric fields. Thus, the particles can 

maintain sufficient polarizability and stable interparticle 

interaction and, as a result, the suspension shows a stable flow 

behavior in wide shear rate region as shown in Fig. 9(a). The 

polarization rate of r-GO/SiO2 suspension is ~4.5×10-7 s and the 

corresponding relaxation frequency is ~300 kHz, which 

exceeds the proposed frequency range of 102–105 Hz for DC 

electric stimuli. Thus, the repulsive interaction between 

particles will increase with the increase of shear deformation 

rate and the chain structures start to become unstable and, as a 

result, the shear stress decreases as a function of shear rate after 

the appearance of yield stress as shown in Fig. 10(a). Under 

high-frequency AC electric fields, however, it requires ER 

suspensions to possess faster polarization rate for achieving a 

good rheological performance because the reorganization of the 

destroyed chain structures require ER particles to have a faster 

polarization rate than under DC electric fields. Therefore, in the 

presence of high-frequency AC electric fields, the polarization 

rate of GO/SiO2 is too slow to induce sufficient particle 

polarization and, as a result, the interparticle interaction and the 

ER effect decrease as shown in Fig. 9(b). But the fast 

polarization rate of r-GO/SiO2 becomes favorable to maintain 

strong and stable interparticle interaction under high-frequency 

AC electric fields and, as a result, its ER effect is strong and the 

flow curves become stable as shown in Fig. 10(b). High yield 

stress and stable flow behavior in a wide shear rate region are 

very important to the real application of ER suspensions.14 In 

terms of the rheogram above, it is noted that the GO/SiO2 

suspension is suitable for the application under DC or low-

frequency AC electric stimuli, while the r-GO/SiO2 suspension 

is suitable for the high-frequency AC electric stimuli.  

To better compare the ER response of GO/SiO2 and r-

GO/SiO2 to different electric stimuli, we further obtain the 

static yield stress (τs) and the dynamic yield stress (τd) as a 

function of the electric field strength and frequency from 

rheogram. The static yield stress corresponds to the stress 

making ER suspensions start to flow and it characterizes the 

strength of suspensions at the yield point. The dynamic yield 

stress is defined as the stress making ER suspensions 

continuously flow and it characterizes the strength of 

suspensions in the flow regime.34  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Static yield stress (a) and dynamic yield stress (b) as a function of 

the electric field strength for GO/SiO2 suspension (square symbol) and r-

GO/ SiO2 suspension (circle symbol) under DC electric fields (open points) 

and AC electric fields with frequency of 1 kHz (solid points) (φ =3 vol%, 

T=23 
o
C). 

 

Fig. 11(a) and (b) respectively plots the values of static yield 

stress and dynamic yield stress as a function of electric field 

strength under DC and high-frequency AC electric fields. It is 

found that the static and dynamic yield stresses of both 

suspensions increase with electric field strength, as expected for 
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ER suspensions. On exposure to different electric stimuli, 

however, they show a different change. For the GO/SiO2 

suspension, both static and dynamic yield stresses are high 

under DC electric fields, indicating that the GO/SiO2 

suspension has high strength or ER effect not only at the yield 

point but also in the flow regime. Meanwhile, the magnitude of 

dynamic yield stress is higher than that of static yield stress at 

the same field strength. For example, the value of dynamic 

yield stress is ~680 Pa and the value of static yield stress is 

~585 Pa at 2 kV/mm of DC electric field. This can be attributed 

to the fact that the static yield stress is the shear stress required 

to fracture the field-induced chain structures in their weakest 

point, while the dynamic yield stress is the one needed to 

continuously break all aggregates of chain structures.28 Under 

high-frequency AC electric fields, however, both static and 

dynamic yield stresses of GO/SiO2 suspension decrease 

significantly, indicating the degradation of ER effect. The 

reason for this can be ascribed to the slow polarization rate of 

GO/SiO2, which results in the decline of achievable 

polarizability at high-frequency electric fields according to the 

dielectric analysis in Fig. 8.  

For the r-GO/SiO2 suspension, the static yield stress is high 

but the dynamic yield stress is obviously low under DC electric 

fields. For example, the value of static yield stress is ~578 Pa 

but the value of dynamic yield stress is only ~150 Pa at 2 

kV/mm of DC electric field. This indicates that the r-GO/SiO2 

suspension has a high strength at yield point but the field-

induced strength becomes weak after yield. The reason for this 

can be ascribed to that the static yield stress is mainly related to 

polarizability of particles when no shearing field, while the 

dynamic yield stress is related to both polarizability and 

polarization rate of particles under simultaneous effect of both 

electric and shearing fields.25a Under DC electric fields, the 

high achievable polarizability of r-GO/SiO2 can induce strong 

interparticle interaction, but its fast polarization rate is 

unfavorable to maintain stable interparticle interaction in the 

presence of both electric and shearing fields because too fast 

polarization rate easily results in the increase of repulsive 

interaction between particles with the increase of shear 

deformation rate. Therefore, the r-GO/SiO2 suspension has a 

high strength before or at yield point but the weak strength in 

the flow regime. Under high-frequency AC electric fields, 

however, the r-GO/SiO2 suspension shows not only high static 

yield stress but also high dynamic yield stress. It indicates that 

the r-GO/SiO2 suspension not only possesses high field-induced 

strength or ER effect at yield point but also maintains high 

strength or ER effect in the flow regime under high-frequency 

AC stimuli. The phenomenon is different from that of the 

GO/SiO2 suspension. The reason for this can also be attributed 

to the fast polarization rate of r-GO/SiO2, which starts to 

become favorable to the ER effect under high-frequency AC 

electric fields because the reorganization of destroyed chain 

structures requires ER particles to have a faster polarization rate 

than under DC electric fields in order to match the frequency of 

external stimuli. 

Fig. 12 (a) and (b) respectively plots the values of static yield 

stress and dynamic yield stress as a function of electric field 

frequency at 1.5 kV/mm. As observed, GO vs. r-GO as core 

does induce distinctly different ER response to different electric 

stimuli. For the GO/SiO2 suspension, both static yield stress 

and dynamic yield stress are high at DC or low-frequency AC 

electric fields but they tend to decrease on exposure to high-

frequency AC electric fields. This can be explained by the 

dielectric analysis that shows the achievable polarizability of 

GO/SiO2 is large in low-frequency range, while the 

polarizability declines with the increase of frequency due to 

slow polarization rate. For the r-GO/SiO2 suspension, the static 

yield stress almost maintains constant as a function of electric 

field frequency within measured range. This can be attributed to 

the fact that the r-GO/SiO2 can maintain a relatively high 

polarizability in a wide frequency range as shown in Fig. 8. 

However, the dynamic yield stress of r-GO/SiO2 suspension is 

low at DC and low-frequency AC electric fields but it increases 

with electric field frequency and tends to become saturate at 

high frequency. It indicates that the field-induced strength in 

the flow regime is enhanced as the electric field frequency 

increases and this can be attributed to that the polarization rate 

of r-GO/SiO2 gradually matches with the frequency of external 

stimuli and becomes favorable to the stability of interparticle 

interaction and the reorganization of destroyed chain structures. 

Therefore, the rheological results clearly indicate that use non-

conducting GO as core can prepare core/shell-structured 

dielectric nanoplates with excellent ER response to DC or low-

frequency AC electric stimulus, while using conducting r-GO 

can prepare dielectric nanoplates with excellent ER response to 

high-frequency AC electric stimulus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Static yield stress (a) and dynamic yield stress (b) as a function of 

the electric field frequency for GO/SiO2 suspension (square symbol) and r-

GO/ SiO2 suspension (circle symbol) at 1.5 kV/mm (φ =3 vol%, T=23 
o
C). 
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Finally, it is noted that the ER effect of GO/SiO2 or r-

GO/SiO2 depends on the SiO2 thickness or the weight ratio of 

GO to SiO2 or r-GO to SiO2. The ER effect of GO/SiO2 

decreases with the increase of SiO2 thickness or the decrease of 

weight ratio of GO to SiO2. This is attributed the decrease of 

achievable polarizability with increase of SiO2 thickness. The 

ER effect of r-GO/SiO2 shows the maximum at the appropriate 

SiO2 thickness or the weight ratio of r-GO to SiO2 (i.e. r-GO: 

SiO2 = ~1:18). This is attributed to the fact that the r-GO core is 

of high conductivity. Too thin SiO2 shell cannot provide an 

effectively electrical insulating for it and thus the large leaking 

current results in the degradation of ER effect, while too thick 

SiO2 shell also results in the appearance of single SiO2 particles 

and the decrease of achievable polarizability. However, it is 

also noted that the off-field viscosity of GO/SiO2 or r-GO/SiO2 

suspensions increases with the decrease of SiO2 thickness or the 

increase of weight ratio of GO to SiO2 or r-GO to SiO2 at the 

same particle volume fraction. Therefore, an appropriate SiO2 

thickness is important to versatile ER performance, including a 

high ER efficiency but a relatively low off-field viscosity. In 

addition, it should be pointed out that, compared to the 

conventional core/shell-structured ER particles with hard 

core,35 the GO or r-Go core in the present nanoplates is flexible 

and thus it may be easily breakable when the SiO2 shell is thin. 

After cyclic rheological tests, however, we note that the ER 

effect and current density of the nanoplate suspensions maintain 

unchanged. This indicates that the morphology and structure of 

GO/SiO2 and r-GO/SiO2 nanoplates are not easily breakable 

under the stimulus effect of electric and shearing fields. When 

subjected to a strong ultrasonic treatment, the lateral size of 

nanoplates is found to slightly decrease but the current density 

of suspensions is almost unchanged. This indicates that the 

plate morphology is slightly breakable under the strong 

ultrasonic field but the core/shell structure is still robust. 

Despite the ER effect between GO/SiO2 and r-GO/SiO2 

shows a different dependence on the SiO2 thickness or the 

weight ratio of GO to SiO2 or r-GO to SiO2, the ER response of 

GO/SiO2 or r-GO/SiO2 with different SiO2 thickness shows 

similar dependence on electric field frequency. The GO/SiO2 

with different SiO2 thickness all show high ER response to DC 

or low-frequency AC electric fields, while the r-GO/SiO2 with 

different SiO2 thickness all show high ER response to high-

frequency AC electric fields. This is attributed to the fact that, 

although the achievable polarizability of GO/SiO2 or r-GO/SiO2 

decreases with the SiO2 thickness, the polarization rate (or the 

dielectric relaxation time) of GO/SiO2 or r-GO/SiO2 does not 

nearly change with the SiO2 thickness. It also hinds that the 

polarization rate of nanoplates is mainly dominated by the 

conductivity of GO or r-GO core rather than SiO2 shell because 

the SiO2 shell has small difference in electrical and dielectric 

properties with silicone oil carrier.  

Conclusions 

By a wet-chemical method, we have prepared core/shell-

structured nanaplates with a non-conducting GO core and with 

a conducting r-GO core and then used them as novel dispersed 

phase of smart ER suspensions. It has demonstrated that coating 

with SiO2 can provide electrically insulating for GO or r-GO 

core, while GO vs. r-GO as core can induce distinctly different 

dielectric polarization response. Compared to GO/SiO2, r-

GO/SiO2 shows significantly faster polarization rate due to the 

high conductivity of r-GO core. The rheological results have 

shown that the GO/SiO2 nanoplate suspension exhibits high ER 

response to DC or low-frequency AC electric fields, while the 

r-GO/SiO2 nanoplate suspension exhibits high ER response to 

high-frequency AC electric fields. The different electro-

responsive characteristic can be explained by the influence of 

polarization rate on interparticle interaction. Our present results 

are not only interesting to understand ER mechanism but also 

providing a way to develop novel nanoplate-based ER 

suspensions with optimum response to different electric stimuli. 
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Graphic abstract 

 

Using non-conducting graphene oxide vs. conducting reduced graphene oxide as the core substrate 

of core/shell-structured dielectric nanoplates can induce significantly different polarization 

response and smart electrorheological characteristic to different electric stimuli.  
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