Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Journal of Materials Chemistry C

ARTICLE

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Journal of Materials Chemistry C

RSCPublishing

Preparation and enhanced electro-responsive
characteristic of graphene/layered double-hydroxide
composite dielectric nanoplates

Yuezhen Dong?, Yang Liu?, Jianbo Yin®* and Xiaopeng Zhao®*

To combine the advantages of conducting graphene nanosheet (GNS) and insulating layered
inorganic, we use a simple one-pot hydrothermal method to prepare two-dimensional dielectric
nanoplates composed of GNS/Mg-Al layered double-hydroxide (GNS/LDH) composite for use as
novel anisotropic electro-responsive electrorheological (ER) material. The structure of samples is
characterized by Fourier transform infrared spectra, X-ray diffraction pattern, X-ray photoelectron
spectroscopy, Raman spectrum, and scanning electron microscopy. The conductivity and
dielectric property are measured by impedance analyzer and the electro-responsive ER
characteristic of GNS/LDH composite dispersed in insulating oil is characterized by rheometer.
The results demonstrate that the LDH can provide electrically insulting effect for GNS, while the
incorporation of conducting GNS can enhance the dielectric polarization of LDH. The GNS/LDH
composite shows significantly stronger ER effect compared to the pure LDH especially under AC

electric fields due to the enhanced polarization response.

Introduction

Since the pioneering discovery by Gaim et al.,' graphene has
attracted a lot of scientific interests because of its atomically
thick two-dimensional (2D) structure, excellently physical
properties, and easy mass production. Not only has the
individual graphene nanosheet (GNS) been used to fabricate
nanodevices such as field-effect transistors, nanosensors, and
plasmonics, but also the incorporation of GNS into various
matrices has produced advanced composite materials with
improved electrical, mechanical, and thermal properties.> On
the other hand, due to some unique characteristics of GNS, such
as small size, large aspect ratio, thermal, electronic, and
transport properties, GNS-based colloid dispersions have been
studied for various applications such as thermal transfer fluids,
liquid crystal, and so on.>*

Recently, a growing attention has focused on GNS and its
oxide as the active components or fillers of electro-responsive
electrorheological (ER) suspensions owing to its high-aspect-
ratio structure and excellently electrical property.>'' ER
suspensions, consisting of polarizable particles in electrically
insulating oil, are a type of important smart fluids with
electrically tunable rheological characteristic. They have
potential uses as electrical-mechanical interfaces for the active-
control of various devices because of technical advantages,
such as rapid response time, reversibility, and low power
consumption.'> However, the conventional ER suspensions are
mainly based on micro-size particles and they often subject to
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large particle sedimentation problem. Recent researches of
using nanoparticles as the dispersal phase has led considerable
interests in developing non-conventional ER suspensions.'? In
particular, significant attentions have been paid to ER
suspensions based on elongated anisotropic nanoparticles, such
as nanotubes, nanofibers and nanoplates.®'*"**° It is found that
the anisotropic nanoparticles have exhibited not only enhanced
ER characteristic, but also reduced particle sedimentation
compared to the conventional suspensions of spherical particles.
At the same time, the analogues ER enhancement has also been
observed in elongated micro-size particles recently.”?* The
property enhancements originate from the nature of elongated
particles, e.g., large aspect ratio and anisotropic electronic
properties. As one of the most popular 2D anisotropic
nanomaterials, GNS shows potential as novel components or
fillers of ER suspensions.”"! Unfortunately, pure GNS in itself
is not suitable for ER suspension application because its high
conductivity is easy to cause large current leaching and power
consumption. Coating GNS with semi-conducting polymer (e.g.
polyaniline, polypyrrole) or insulting inorganic (e.g. SiO,, TiO,)
has been found to be able to effectively restrain the high
conductivity of GNS.*'" However, the preparation techniques
involving nano-coating are often complex and low yield, which
largely limit the further application of the GNS-based ER
materials. On the other hand, besides GNS, other layered
materials (e.g., clay, hydroxide, and double-hydroxide) have
also received wide investigation as the fillers of plastics and ER
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suspensions because of their low cost and anisotropic
morphology.”*?° For example, the percolation network of
layered double-hydroxide (LDH) plates in polystyrene has
the
composite.24 However, for ER suspensions the ER effect of the

enhanced rheological and dielectric behavior of

layered inorganic materials is too weak to

27-29

satisfy the
requirement of application.
In this paper, to attempt to combine the advantages of GNS
and layered inorganic, we use a simple one-pot hydrothermal
method to prepare novel dielectric nanoplates composed of
chemically converted graphene nanosheet/Mg-Al layered
double-hydroxide (GNS/LDH) composite for use as anisotropic
2D ER material. The method is simple and high yield. The
composite material shows unique characteristics including
high-aspect-ratio 2D plate-like morphology, low conductivity
and enhanced dielectric polarization because the non-
conducting LDH can provide electrically insulting effect for
GNS, while the incorporation of conducting GNS can enhance
the polarization response of LDH. Under electric fields, the
GNS/LDH composite nanoplates when dispersed in insulating
silicone oil show a strong electro-responsive characteristic. The
field-induced ER effect of GNS/LDH

significantly stronger than that of pure LDH suspension due to

suspension is

the enhanced dielectric polarization. The influences of electric
field strength, frequency, and GNS content on ER characteristic
have also been investigated.

Experimental section

Materials

Mg(NO;),-6H,0, AI(NO;);-9H,0O, hexamethylenetetramine,
and natural graphite plates with mean size of ~20 pm were
purchased from Sinopharm Chemical Reagent Co. Ltd. of
China. All the chemicals were of analytical grade and were
used without further purification.

Fabrication of GNS/LDH composite nanoplates

Firstly, graphene oxide (GO) was synthesized from natural
graphite plates according to an improved Hummers method *°
and then was diluted to form 5 mg/mL of GO colloid dispersion
(pH=5-6) by ultrasonic treating for 30 min at frequency of 40
kHz and power of 100 W. Then, 25 g GO colloid dispersion
was mixed with 80 mL of aqueous solution containing 5.120 g
of Mg(NO;),6H,O (0.020 mol), 3.750 g of AI(NO3);-9H,0
(0.010 mol), and 3.640 g of hexamethylenetetramine (0.026
mol) under ultrasonic. After ultrasonic for 1 h, the mixture was
transferred into a Teflon-lined stainless autoclave and was
further heated at 140°C for 12 h.*! Finally, the black precipitate
was separated, washed, and dried in vacuum to obtain resulting
GNS/LDH composite (Here, the yield of the typical 10 wt%
GNS/LDH composite was ~2.0 g. No Mg”"/AI*" ions were
residual by titration with NaOH solution. The ratio of Mg/Al
was ~1.94 according to Inductively Coupled Plasma result (ICP,
IRIS), which was close to that of Mg/Al used in the
experiments. These indicate that the preparation method is high
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yield.). The mass ratio of GNS/LDH in the composite could be
controlled by the amount of initial GO. For comparison, pure
Mg-Al LDH plates were also prepared by the same process
except for GNS.

Preparation of ER suspensions

The GNS/LDH composite and pure LDH nanoplates were
further dried for 48 h at 150°C in vacuum and then quickly
dispersed into dry silicone oil (Dielectric constant of ~2.7,
viscosity of 50 mPa-s, density of 0.96 g/cm® at 25 °C) to form
ER suspensions. The volume fraction of nanoplates in
suspensions was defined by the ratio of the volume of
nanoplates to the total volume of suspensions. The nanoplate
density was measured by a pycnometer filled with water at
room temperature. To decrease the effect of porosity on density
measurement, the pycnometer was placed in an ultrasonic
cleaning bath and connected to a vacuum pump. After
ultrasonic for 10 min under reduced pressure, the density was
measured. The density is ~1.78 g/cm® for LDH and ~1.99 g/cm’
for 10 wt% GNS/LDH composite.

Characterization and measurements

The chemical groups of samples were determined by the
Fourier transform infrared spectra (FT-IR, JASCO FT/IR-470
Plus) in the range 400-4000 cm™” at 4 cm™ resolution. The
structure was determined by the powder X-ray diffraction
pattern (XRD, Philips X’Pert Pro) with a CuK,, irradiation at 40
kV/35 mA. The surface and chemical state were analyzed by X-
ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) with a monochromatic AlK, source. The Cls peak at
284.6 eV of the surface adventitious carbon was referred for all
the binding energies in XPS. Raman measurements were
carried out using Micro-Raman spectrometer (Raman, invia) at
532 nm. The morphology was observed by the scanning
electron microscopy (SEM, JSM-6700F) at an accelerated
voltage of 20 kV. The weight fraction of GNS in the GNS/LDH
composite was determined by dissolving the GNS/LDH
composite in HCI solution to remove the LDH.

The conductivity of GNS was high and it was directly
measured by a four-point method (RTS-8). Since the
conductivity of both LDH and GNS/LDH composite were low
and they were layered and high-surface-area, in order to avoid
the influences of moisture and porosity on the conductivity and
dielectric properties when using powder method, we measured
the conductivity and dielectric properties of their suspensions.
In the conductivity measurement, a galvanometer was used to
measure the current density of suspensions and then the
conductivity of suspensions was determined according to o=j/E,
where j is the current density through suspensions and E is the
electric field strength. Here, 1.0 kV/mm of electric field was
applied to suspensions and, thus, the dispersed particles could
form fibrous-like structure and this solidified suspension was
analogous to fibrous microcomposite. Thereby, the conductivity
of particles could be calculated by the following approximate

mixture conductivity equation (1):***

This journal is © The Royal Society of Chemistry 2012
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o=@ o, + (1 —¢)o; ey
where, o is the conductivity of suspensions, o, is the
conductivity of dispersed LDH or GNS/LDH, o; is the
conductivity of used silicone oil, and ¢ is the volume fraction
of particles in suspensions.

In the dielectric measurement, an impedance analyzer (HP
4284A) with a liquid measuring fixture (HP 16452A) was used
to measure the dielectric constant and loss tangent in the
frequency range of 20-10° Hz. Here, 1 V of bias electrical
potential was applied during measurement. Thus, no fibrous-
like structure formation or no interparticle interaction within
suspensions was induced and, as a result, we could well
understand the interfacial polarization of particles in medium
oil. The dielectric parameters were determined by the fit of the
Cole-Cole equation as shown in the following equation (2):**

£ =g +i =g, +—0 "o @
1+ (i)~

where, ¢" is the complex permittivity of suspension, &'y and &',
are the limit values of the relative permittivity at the
frequencies below and above the relaxation frequencies,
respectively, w is an angle frequency, A is a dielectric relaxation
time reflecting the rate of interfacial polarization, and a is the
scattering degree of relaxation time.

Under electric fields, the fibrous-like ER structure of
dispersed particles formed between two electrodes was
observed by an optical microscopy (Nikon ALPHAPHOT-2).
The ER characteristic of suspensions were measured by a
stress-controlled rheometer (Thermal-Haake RS600) with a
parallel plate system with diameter of 35 mm and gap of 1.0
mm, DC and AC high-voltage generators, oil bath system, and
PC computer. Steady shear flow curves of shear stress-shear
rate were measured by the controlled shear rate (CSR) mode
within 0.1 - 1000 s' at room temperature. Before each
measurement, we presheared the fluids for 60 s at 300 s and
then applied electric fields for 30 s to ensure the formation of
equilibrium gap-spanning ER structures of dispersed particles
before shearing. The static yield stress, which was defined as
the maximum shear stress that made a solidified ER fluid start
to flow,> was approximately obtained with the maximum shear
stress in the low shear rate region according to flow curves.

Results and discussion

Fig. 1 shows the FTIR spectra of samples. The GO shows
characteristic absorption bands at 3408, 1735, 1630, 1403, 1228,
and 1054 cm™', which are assigned to the O-H, carbonyl C=0,
aromatic C=C, epoxy C-O and alkoxy C-O stretching vibrations,
respectively.’® After the GO is hydrothermally treated, the
bands of the oxygen functional groups almost disappear and the
FTIR spectra only displays three weak bands at 3435, 1568 and
1183 cm™ corresponding to the O-H, aromatic C=C and C-O
stretching vibrations, respectively (see Fig. 1(b)). This indicates
that the GO can be reduced into GNS during hydrothermal

This journal is © The Royal Society of Chemistry 2012
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treatment.>® The pure Mg-Al LDH shows that the characteristic
bands at 3445, 1620 cm’' due to the stretching and bending
vibrations of the -OH between LDH layers, at 1351 cm™ due to
the vibration of CO;* between LDH layers, and at 400-800 cm”
! due to Mg-O and Al-O vibrations.?' For the typical GNS/LDH
composite with CNS content =10 wt%,
characteristic bands corresponding to LDH are observed but no
significant absorption bands from GNS appears (see Fig. 1(d)).
This may be due to the low content and weak IR absorption
characteristic of GNS.

almost all the
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Fig. 1 FTIR spectra of samples: (a) GO; (b) GNS; (c) LDH; (d) 10 wt%
GNS/LDH composite.
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Fig. 2 XRD patterns of samples: (a) GO; (b) GNS; (c) LDH; (d) 10 wt%
GNS/LDH composite.

Fig. 2 shows the XRD patterns of samples. The GO shows a
broad and strong diffraction peak at 260 =~9.50°, corresponding
to the typical (002) plane of GO.** After the GO is
hydrothermally treated, the XRD pattern (Fig. 2 (b)) gives an
abroad strong diffraction peak at ~24.0° and a weak diffraction
peak at ~43.5°, corresponding to the typical (002) and (100)
planes of graphite. This indicates that the hydrothermal
treatment can remove the oxygen-containing functional groups
on the surface of GO and the GO has converted into GNS.*’
This is also in accordance with the FTIR result. The pure LDH
shows sharp and symmetric XRD peaks at 11.6, 23.4, 34.8,
39.0, 47.1, and 61.4°, corresponding to the basal spacing of
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(003), (006), (012), (015), and (018) of the layered Mg—Al
LDH plates.’’ The XRD pattern of typical 10 wt% GNS/LDH
composite is mainly composed of LDH phase. Compared with
the pure LDH, however, there is a significant decrease in the
peak intensity of GNS/LDH composite. It indicates that the
incorporation of GNS has compressed the crystalline size,
which can also be confirmed by the SEM observation in Figs. 3
and 4. Note that no characteristic peak of GNS at 26 =~24.0° is
observed in GNS/LDH composite, which can be attributed to
the low content and the thin-layer characteristic of GNS in the
GNS/LDH composite.

Fig. 3 shows the morphology of LDH and 10 wt%
GNS/LDH composite. It is found that the pure LDH is of
hexagonal plate with the lateral size of 5-10 pm and the
thickness of 100-150 nm. From the high-resolution image in
Fig. 3(c), one can see that the surface of pure LDH is clean and
smooth. The GNS/LDH composite also shows hexagonal plate-
like morphology. However, the lateral size is decreased to 3-5
pm and the thickness is decreased to 50-100 nm. This indicates
that the incorporation of GNS has restrained the growth of
LDH, which may be due to the fact that the presence of small-
size GO has provided more nucleation centers for LDH
formation compared to homogeneous nucleation process. As
the GNS content increases, the lateral size and thickness of
GNS/LDH composite further decrease (see Fig. 4), also
supporting this point. Furthermore, from the high-resolution
SEM image in Fig. 3(e) and (f), we can see that the wrinkled
GNS is firmly attached on the surface of LDH, indicating the
formation of GNS/LDH composite. This can be attributed to the
fact that the negatively charged surface of GO provides
Mg?"/AI*" cations with strong electrostatic absorption force,
and leads to an in-situ growth of positively charged LDH on the
surface of GO as shown in the schematic illustration of Fig. 5.**
Meanwhile, the GO is reduced into GNS simultaneously. In
addition, from Fig. 3 it can be found that no free GNS is
observed when the content of GNS is relatively low. When the
content of GNS increases is too high (>~20 wt%) (not shown
here), however, the free naked GNS appears. This is harmful
for ER suspension application because in this condition the
small size LDH is unable to provide insulating effect for the
GNS and the free GNS easily results in dielectric breakdown
under electric fields. Therefore, the appropriate GNS content is
needed.

Fig. 3 SEM images of samples: (a-c) pure LDH; (d-f) 10wt% GNS/LDH

composite (Scale bar=1 um).
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Fig. 4 Lateral size (solid points) and thickness (open points) of samples as a
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GO sheets
Fig. 5 Schematic illustration of the formation of GNS/LDH composite.

GNS/LDH

To clarify the chemical state of GNS in the GNS/LDH
composite, XPS and Raman spectra were measured. As shown
in Fig. 6(A), the deconvolution of the core-level Cls XPS
spectrum of GO shows types of carbon bonds including
C=C/C-C (284.6 eV), C—0O (286.9 eV), and O—C=0 (289.0 eV).
After the GO is hydrothermally treated, the intensity of C=C/C—
C bond (284.6 eV) increases and the intensity of bonds
corresponding to oxidized carbon (C-O at 286.9 eV and O-
C=0 at 289.0 eV) obviously decreases, indicating that the GO
has been deoxygenated to form GNS.*® The deconvolution of
the core-level Cls spectrum of GNS/LDH composite also
shows strong C=C/C—C bond (284.6 ¢V) and weak oxidized
carbon bonds (C-O and O—C=0), which infers that the GO has
been reduced simultaneously during the in-situ growth of LDH
on the surface and, thus, the hybrid GNS/LDH composite is
formed. Raman spectroscopy is also an effective tool to
determine the structural variations of carbonaceous materials.
As shown in Fig. 6(B), three samples all show the D band at
~1350 cm™ arising from the breathing mode of sp® carbon
atoms in rings and the G band at ~ 1600 cm™ arising from the
bond stretching of all pairs of sp® carbon atoms in both rings
and chains.*® The Raman spectra of GNS/LDH composite also
shows weak feature peaks of LDH at ~560 and ~1080 cm™,
indicating the coexistence of GNS and LDH. Furthermore, the
intensity ratio (Ip/Ig) of D band to G band reflects disorder
degree and average size of the sp2 carbon domains.*® The Ip/Ig
values of GNS and 10 wt% GNS/LDH composite are 1.01 and
1.03 respectively, which are higher than 0.87 of GO. The
similar result has also been observed in other GNS/LDH
composites.***' This has been considered to be attributed to the
decrease of the size of the in-plane sp> domains due to the
reduction of GO and the reestablishment of graphene network
after removing the oxygen functional groups.*®*' Therefore, the

This journal is © The Royal Society of Chemistry 2012
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GO does has been reduced into GNS simultaneously during the
in-situ growth of LDH on its surface. It is also in accordance
with the XPS result.

A

C=C/C-C

(c) C(0)o

Intensity (a.u.)

(b)

(@) C(0)0

T — T T T
290 288 286 284
Binding Energy (eV)

292 282 280

(B)

Journal of Materials Chemistry C

ARTICLE

dielectric enhancement can be attributed to the incorporation of
the conducting GNS into LDH because it has been reported that
introducing a conducting component can largely enhance the
polarizability and polarization rate of composites.*> When the
GNS content is too high (> ~20 wt%), the free GNS appears
and the conductivity of GNS/LDH composite rapidly elevates
and the dielectric property cannot be measured due to large
leaking conduction. It is not suitable to use as dispersal phase of
ER suspensions due to large percolating current. Therefore, by a
one-pot hydrothermal method, the GNS/LDH composite
dielectric nanoplates have been prepared, in which the LDH
layers can provide effectively insulting effect for GNS, while
the incorporation of conducting GNS with an appropriate
content of GNS can enhance the polarization response of LDH.
The characteristics including high-aspect-ratio, enhanced
polarization, and simple preparation allow the GNS/LDH
composite nanoplates to have potential use as high-performance
ER material. In the following, we investigate the electro-
responsive ER property of GNS/LDH composite nanoplates
when dispersed in insulating silicone oil.

Table 1. Conductivity and dielectric property of LDH and GNS/LDH
suspensions (@ =~7.5 vol%, T=23°C).
a & b A ( S) c

Material £y g Ae op(S/ cm)*

Intensity (a.u.)

(b)

(@)

LDH
3wt% GNS/LDH
Swt% GNS/LDH

10wt% GNS/LDH
15wt% GNS/LDH

4.51
5.01
5.38
5.79
5.85

3.08
3.17
3.19
3.23
3.30

1.43
1.84
2.19
2.56
2.55

0.26
0.27
0.30
0.39
0.33

1.6x10™
1.3x10°
8.1x10°°
5.3x10°°
1.2x107

< 10-12
~3.4x10™"!
~5.7x10™"!
~1.3x107°
~8.0x107

T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm")

Fig. 6 (A) Deconvolution of core-level Cls XPS spectrum and (B) Raman
spectrum of samples: (a) GO; (b) GNS; (c) 10 wt% GNS/LDH composite.

The DC conductivity of pure GNS is ~0.52 S/cm, which is
too high to use as dispersal phase of ER suspensions due to
easy dielectric breakdown under electric fields. However, the
conductivity of GNS/LDH composite is largely decreased (see
Table 1). For example, the conductivity of typical 10 wt%
GNS/LDH composite is ~1.3x107'° S/cm, which is very suitable
for ER suspension applications according to the proposed ER
mechanisms.*> This indicates that the LDH has provided
electrically insulting effect for the GNS due to the separable
effect and, thus, the GNS cannot directly contact each other
under electric field. As the GNS content increases, the
conductivity of GNS/LDH composite increases. On the other
hand, the incorporation of GNS can influence the dielectric
property of LDH. As shown in Table 1, the dielectric constant
increment (Ae=¢'p-¢',) of the typical 10 wt% GNS/LDH
suspension is ~2.56, which is about twice as high as that
(Ae’=1.43) of the pure LDH suspension. The dielectric
relaxation time (A4=1/(2nfy.x)) of the 10 wt% GNS/LDH
suspension is ~5.3 X 10 s, which is much faster than that
(A=~1.6X10" s) of the pure LDH suspension. It indicates that
the GNS/LDH composite has larger polarizability and faster
polarization response compared to the pure LDH. This

This journal is © The Royal Society of Chemistry 2012

*The dielectric constant increment of suspensions calculated by Ag =¢/-¢'; ® The
dielectric loss factor of suspensions at the frequency (fmax) of dielectric relaxation
peak; © The dielectric relaxation time of suspensions calculated by A=1/(27faax); *

The DC conductivity of particles calculated by equation (1).

Fig. 7 shows the optical microscope of the suspension of
typical 10 wt% GNS/LDH composite nanoplates in silicone oil
without and with an external electric field. It is seen that, when
the electric field is applied, the randomly dispersed GNS/LDH
can rapidly contact each other to form gap-spanning fibrous
structure between electrodes, indicating that the GNS/LDH has
a good electro-responsive ER characteristic. This gap-spanning
fibrous-like structure, which is dominated by sufficient
electrostatic  interaction between GNS/LDH composite
nanoplates, will provide a large resistance to the shear flow
perpendicular to electric field and thus enhance shear stress or
viscosity of suspension.

b
E=1.0 kV/mm
Fig. 7 Optical photo of the suspension of 10 wt% GNS/LDH composite in
silicone oil without and with an AC electric field with frequency of 1 kHz
(@ =~1.5 vol%, T=23°C)

J. Name., 2012, 00, 1-3 | 5
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Fig. 8 shows the real-time response of shear stress of the 10
wt% GNS/LDH suspension when an AC electric field with
frequency of 1 kHz alternately turns on and off. When the
electric field is applied, the shear stress of the suspensions
increases rapidly. The value of shear stress is close to ~980 Pa
at 2.0 kV/mm, which is 14 times that of the off-field shear
stress of ~68 Pa. When the electric fields are removed, the shear
stress rapidly declines back to the original level. As the electric
field strength is increased, the shear stress increases and the
real-time response of shear stress is still reversible, revealing
good electro-responsive characteristic of the GNS/LDH
composite. In particular, it is noted that the value of field-
induced shear stress of the GNS/LDH suspension is 2.5 times
as high as that of the pure LDH suspension, revealing that the
GNS/LDH composite has stronger ER effect compared to the
pure LDH.

T T T T T T T
10004 2.0 kV/mm |
—O— GNS/LDH g@
—m—LDH
800 E
©
e 600 1.5 kV/imm L
ﬁ ]
3
S 4004
< 1.0 kV/imm
o (((mtm(mmfo
2004 cl>
0 T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350

Time (s)

Fig. 8 Effect of switching an AC electric field with frequency of 1 kHz on
the real-time response of the shear stress for 10 wt% GNS/LDH suspension
and pure LDH suspension at shear rate of 100 s™' ( ¢ =15 vol%, T=23°C).

Fig. 9 shows the flow curves of shear stress vs. shear rate for
the 10 wt% GNS/LDH suspension and pure LDH suspension at
the same particle volume fraction. In the absence of an electric
field, the flow curves of both suspensions departure from the
Newtonian fluid behavior and show shearing thin. The off-field
viscosity of the GNS/LDH suspension is higher than that of the
pure LDH suspension at low shear rate region but lower than
that of the later at high shear rate region. This reveals that the
shear-thin behavior of the GNS/LDH suspension is more
significant than that of the pure LDH suspension, which may be
originated from the smaller particle size of GNS/LDH
composite.** Tn the presence of an electric field, both
suspensions exhibit a significant increase in shear stress and
behave like a plastic material with a yield stress, the so-called
ER effect. Compared to the pure LDH suspension, however, the
GNS/LDH suspension exhibits higher shear stress at the equal
electric field, indicating a stronger ER effect.

6 | J. Name., 2012, 00, 1-3
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Fig. 9 Flow curves of shear stress vs. shear rate for 10wt% GNS/LDH
suspension and pure LDH suspension under zero and 2 kV/mm of AC
electric field with frequency of 1 kHz (¢ =15 vol%, T=23°C).

Fig. 10 plots the typical ER efficiency of suspensions at 2
kV/mm of AC electric field with frequency of 1 kHz. The ER
efficiency is important parameter for evaluating the change in
ER behavior of fluids in the absence and presence of an electric
field. It can be defined as /=(7z-7y)/ 79, where 7 is the shear
stress with an electric field and 7 is the shear stress before an
electric field applied, respectively. As seen, the ER efficiency
presents a decrease with increasing shear rate. This can be
attributed to the fact that the gap-spanning fibrous-like ER
structure is progressively destroyed with increasing shear rate
and, as a result, their resistance to the flow decreases. However,
it is noted that the ER efficiency of the GNS/LDH suspension is
higher than that of the pure LDH suspension, indicating that the
GNS/LDH composite does have stronger ER effect. According
to the proposed ER mechanism,*® the ER effect is strongly
related to interparticle electrostatic interaction. Therefore, the
stronger ER effect of the GNS/LDH composite should be
attributed to the enhanced polarizability that has induced larger
electrostatic interaction.

ER efficiency

O GNS/LDH
m | DH

T
10° 10’ 10
Shear rate (s”)
Fig. 10 Typical ER efficiency as a function of shear rate for 10wt%

GNS/LDH suspension and pure LDH suspension at 2 kV/mm of AC electric
field with frequency of 1 kHz (¢ =15 vol%, T=23°C).
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Fig. 11 shows the static yield stress (z;) as a function of
electric field strength (£) for the 10 wt% GNS/LDH suspension
and pure LDH suspension under AC ceclectric field with
frequency of 1 kHz. It can be found that, compared to the pure
LDH suspension, the yield stress of the GNS/LDH suspension
is higher, which is in accordance with the stronger ER effect of
GNS/LDH suspension. The relationship of 7z, and £ can be
fitted by the power law relation of 7, o< E* with exponent
0=1.86=0.05 for the pure LDH suspension and a=1.85+0.03 for
the GNS/LDH suspension. It has been reported that the
exponent o of ER suspensions is sensitive to the conductivity of
oil, particle volume fraction, particle morphology, etc.'’
Therefore, the similar exponent value for both suspensions can
be attributed to the fact that both suspensions have the same
medium oil, particle volume fraction and particle morphology.
In addition, the real leaking current density of GNS/LDH
suspension is ~320 pA/cm? under 2 kV/mm of AC electric field,
which is higher than ~280 pA/cm?® of pure LDH suspension.
This can be attributed to the enhanced conductivity due to the
incorporation of conducting GNS.

10™ T
10°4 < g 1.85+0.03 E
2 Q ¢
2 10”
g Q
2 - 1.86+0.05
9 10" 10° 10,
*‘;)4 Electric field strength (kV/mm)
= 107 E
g
o
= O GNS/LDH
»n = [DH
— fitted by 7, ><E"
10’ — ——————
10" 10° 10’

Electric field strength (kV/mm)

Fig. 11 Static yield stress and leaking current density (inset) as a function of
electric field strength for 10wt% GNS/LDH suspension and pure LDH
suspension under AC electric field with frequency of 1 kHz (¢ =15 vol%,
7=23°C).

Fig. 12 shows the static yield stress as a function of electric
field frequency (f) for the 10 wt% GNS/LDH suspension and
pure LDH suspension at 1.5 kV/mm of electric field. As the
electric field frequency increases, the yield stress of the
suspension of GNS/LDH composite increases, while the ER
effect of pure LDH degrades. It indicates that, compared to pure
LDH, the ER effect of GNS/LDH composite is not only
stronger but also more active on exposure to AC electric fields.
This characteristic may be related to the fact that the
incorporation of the highly conducting GNS has not only
enhanced the polarizability of LDH but also induced faster
polarization rate (see Table 1). It has proposed that not only the
polarizability but also the polarization rate of particles is
important to the ER effect.” The former is related to the
magnitude of interpaticle electrostatic interaction, while the
latter is related to the reorganization of the destroyed ER

This journal is © The Royal Society of Chemistry 2012
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structure under simultaneous effects of both electric and
shearing fields. Under a DC electric field, both pure LDH and
GNS/LDH composite can well reorganize their destroyed ER
structures by shearing fields because their polarization rates are
sufficient to response to DC electric field. Under an AC electric
field, however, the reorganization of the destroyed ER structure
requires ER particles to possess a faster polarization rate in
order to match the frequency of external field. Since the
polarization rate of pure LDH is slow, the particle polarization
of pure LDH gradually becomes insufficient with the increase
of electric field frequency and, as a result, the interparticle
interaction and the ER effect decrease. On the contrary, the
polarization rate of GNS/LDH composite is so fast that the
particle polarization response can well match the frequency of
external field and, as a result, the destroyed ER structure can be
well reorganized and the ER response of GNS/LDH composite
becomes better with the increase of electric field frequency.

800
600 - -
© o—°
o
@ /
I o
£ 400 /
) o —O— GNS/LDH
2 —m—LDH
o
o]
G 2009 =
TTT—n
xl\.
0

T T T T
400 600 800 1000

Frequency (Hz)

T T
0 200

Fig. 12 Static yield stress as a function of electric field frequency for 10wt%
GNS/LDH suspension and pure LDH suspension under 1.5 kV/mm of
electric field (¢ =15 vol%, T=23°C).

Table 2. Rheological properties of LDH and GNS/LDH suspensions (¢ =15
vol%, 7=23°C).

Material w(Pa)® 7e(Pa)® I°
LDH 90 370 3.1
3wt% GNS/LDH 87 730 7.4
Swt% GNS/LDH 85 960 10.3
10wt% GNS/LDH 73 980 12.4
15wt% GNS/LDH 70 950 12.6

7y is the shear stress of suspensions at 100 s™! in the absence of an electric
field; ° 7 is the shear stress of suspensions at 100 s™ in the presence of 2
kV/mm of AC electric field with 1 kHz; © /=(zz-70)/ 7 is ER efficiency.

Finally, it is noted that the ER effect of the GNS/LDH
composite is related to the GNS content. As shown in Table 2,
the ER efficiency increases with increasing GNS content and
seems to become saturate when the GNS content exceeds 10
wt%. However, the current density also continuously increases
with increasing GNS content, indicating increased power
consumption. When the GNS content is too high (>~20 wt%),
the leaking current density of suspension exceeds the limitation
of high-voltage generator. This may be attributed to the
appearance of free GNS, which results in dielectric breakdown
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or current percolation. Therefore, an appropriate content of
GNS is the key to the versatile ER performance including high
ER efficiency but relatively low current density.

Conclusions

By a simple one-pot hydrothermal method, we have prepared
GNS/LDH composite dielectric nanoplates for use as novel 2D
electro-responsive ER material. It has demonstrated that the
LDH can provide electrically insulting effect for GNS, while
conducting GNS can enhance the dielectric property of LDH.
This the GNS/LDH composite to possess low
conductivity but enhanced dielectric polarization. Under
electric fields, the GNS/LDH composite shows stronger electro-

allows

responsive ER characteristic than that of pure LDH due to
enhanced polarizability. Especially, the ER effect of GNS/LDH
composite is more active on exposure to an AC electric field,
which can be attributed to the fact that the incorporation of the
highly conducting GNS not only enhances the polarizability of
LDH but also induces faster polarization rate. Our result
provides an approach to develop highly active 2D ER material
by combining the advantages of conducting GNS and insulating
layered inorganic.
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Dielectric nanoplates composed of graphene nanosheet/layered double-hydroxide (GNS/LDH)

composite were prepared, which showed enhanced electro-responsive characteristic compared to
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pure LDH due to improved dielectric polarization.
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