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Near complete exfoliation and reduction of lyophilized graphene oxide (GO) has been carried out

at temperature as low as 400 �C. The structural characterizations of the reduced GO have been

performed using X-ray diffraction, Fourier transform infrared spectroscopy, and Raman spectros-

copy techniques. The morphological studies were carried out using scanning electron microscopy.

The synthesized GO finds an application in improving the switching performance of a liquid crystal

(LC) mixture by remarkably modifying the physical properties, such as spontaneous polarization

and rotational viscosity of the ferroelectric LC (FLC) material which in turn resulted into faster

response of the FLC. The present study explores the possibility of low temperature thermal reduc-

tion of GO along with its application in improving the properties of LC based display systems.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930949]

I. INTRODUCTION

In recent years, graphene has attracted a great deal of

attention of researchers for its promising technological appli-

cations.1,2 Graphene is a two dimensional (2D) material in

which the dynamics of conduction electrons is described by

the Dirac equation rather than the usual Schr€odinger’s equa-

tion.3 It has been utilized as the building block of promising

materials with different dimensions ranging from fullerene

to graphite.2 Various methods, such as chemical vapor depo-

sition (CVD), mechanical exfoliation of graphite (i.e., pro-

cess of transforming stacked layers of graphite into single

layer graphene), and reduction (chemical/thermal) of gra-

phene oxide (GO) have been introduced to synthesize gra-

phene.4–6 Among the above said methods, the presence of

residual oxygen in the form of functional groups has limited

the synthesis of GO by chemical reduction processes.7 This

residual oxygen reduces the electron density at the Fermi

level and, at the same time, may change the hybridization

from planer sp2 to tetrahedral sp3 which in turn lowers the

conductivity of graphene.8,9 Thermal reduction, on the other

hand, produces graphene with less agglomeration, higher

electrical conductivity, and specific surface area.10 However,

requirement of higher temperatures (>1000 �C) and sophisti-

cated environment to restrict carbon loss (or decomposition)

has been the limiting factor of this method.11,12 In view of a

recent report proposing the possibility of complete exfolia-

tion of GO at lower temperatures,9 various research groups

have motivated to explore the routes for synthesis of gra-

phene at lower temperatures. Wan et al. have reported the

thermal reduction of GO sheets dispersed in N, N-

dimethylacetamide (DMAc) and water (10: 3 v/v) at 150 �C

under the protection of nitrogen gas.13 Vacuum assisted syn-

thesis of few layered graphene by thermally reducing GO at

135 �C and their subsequent use in improving the conductiv-

ity of polymers have also been reported.14 Zhang et al. syn-

thesized graphene sheets at 200 �C, under negative pressure

environment which showed excellent energy storage per-

formance.15 However, use of suitable chemicals, controlled

vacuum environment, and long annealing time is found to be

some crucial requirements in above mentioned methods. In

the present paper, we demonstrated a step wise low tempera-

ture exfoliation and reduction of lyophilized GO. We carried

out systematic thermal reduction of graphite oxide and inves-

tigated the effect of temperature and abridging oxygen on

the structure of GO sheets. We increased the reduction tem-

perature in steps and found that no structural changes took

place beyond 500 �C.

Recently, graphene based nanostructures have shown

promising effects on the electro-optical properties of liquid

crystal (LC) materials. Lv et al. have observed that the pres-

ence of GO can induce uniform vertical alignment of ferro-

electric LCs (FLCs) and modified the dielectric relaxation

process remarkably.16 We investigated the effect of graphene

quantum dots on the display characteristics of FLC material

and observed the improved electro-optical response and pho-

toluminescence emission.17 In view of the above results, we

dispersed the synthesized GO annealed at different tempera-

tures into the FLC material FLC W301 and analyzed the

effect of the same on the dielectric and electro-optical prop-

erties of the later. We found the GO dispersed FLC mixtures

possess faster switching process in comparison to that of

pure FLC material.

II. EXPERIMENTAL

The aqueous solution of GO was prepared from natural

graphite powder by modified Hummer’s method.18 GO was
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prepared from natural graphite powder (Alfa assar 99.999%).

In a typical reaction, 1 g of graphite with 1 g of NaNO3 was

mixed in 46 ml of H2SO4 and stirred in an ice bath followed

by slow addition of 6 g KMnO4. The obtained solution was

transferred to a 35 6 5 �C water bath for stirring till a thick

paste is formed. 90 ml of water was added to the obtained

paste and the solution was again stirred for 30 min while the

temperature was raised to 90 6 5 �C. Finally, 200 ml of water

was added, followed by the slow addition of 3 ml of H2O2

(30%), the color of the solution turned from dark brown to

yellow. The warm solution was then filtered and washed

with 200 ml of water. The filter cake was then dispersed in

water by mechanical agitation. To separate out the thicker

GO flakes, the solution was centrifuged 3–4 times at low

rpm for 2–2 min. The supernatant then underwent two more

high-speed centrifugation steps to remove small GO pieces.

The prepared GO was dried by lyophilization process and

recovered powder was collected and stored at room tempera-

ture in a desiccators. GO was annealed in stages, starting

from 100 �C and proceeding in steps of 100 �C to reach

500 �C. The nomenclature for samples obtained after each

step is given as GO (as prepared) and GO-100, GO-200, GO-

300, GO-400, and GO-500, respectively.

The FLC material, namely, FLC W301 is used for the

present study. The dielectric and electro-optical characteriza-

tion of FLC W301 has been reported earlier.19 To disperse

GO into the FLC material, the suspension of GO in DI water

was obtained by ultrasonication of the suspension for 1 h.

For GO/FLC mixtures, the suitable amount of GO suspen-

sion was added into the appropriate amount of FLC material

using micro-pipette and was uniformly mixed. The resulting

mixture was then placed in the oven at temperature well

above the boiling point of water for 10 min and then taken

out, again mixed, and placed in the oven. This process was

repeated for 3–4 times to ensure the complete evaporation of

DI water from FLC. Conducting indium tin oxide (ITO)

coated glass plates were used to fabricate LC sample cells.

The desired (squared) electrode pattern (0.45� 0.45 cm2) of

ITO on the glass plates was achieved using photolithography

technique. Conventional rubbed polyimide technique is used

for the homogeneous alignment of FLC cells. The thickness

of the sample cells is maintained around �7 lm using Mylar

spacers. The samples (pure and GO doped) were filled into

the sample cells by capillary action above the isotropic tem-

perature of the material. The optical micrographs of pure and

GO doped FLC material were recorded using a polarizing

optical microscope (Ax-40, Carl Zeiss, Germany) fitted with

a charge-coupled device camera and interfaced with a com-

puter. The dielectric measurements were carried out by using

an impedance analyzer (Wayne Kerr, 6540 A, UK) in the fre-

quency range 20 Hz–1 MHz with measuring voltage of 0.5

VPP. The material parameters of pure and GO doped FLC

W301 are measured with the help of Automatic liquid crystal

tester, ALCT-P, Instec, USA. One may directly determine

the values of material parameters by fixing the sample cell

parameters through the software. The ALCT-P evaluates the

PS value by applying an alternating electric field (triangular

waveform) having certain frequency across the sample cell

and is based on triangular wave pulse method.20 It also

directly gives the value of rotational viscosity of the sample

along with that of PS.

III. RESULTS AND DISCUSSION

It was observed from the scanning electron microscopy

(SEM) images that the prepared sheets were of large size. For

SEM images of GO and finally reduced GO, see supplemen-

tary material, Figure S1.36 The change in the interlayer spac-

ing (d002) of annealed GO with increase in temperature (i.e.,

from room temperature to 500 �C) was analyzed by X-ray dif-

fraction (XRD) [Figure 1(a)]. The d002 value of bulk graphite

used in our experiment was 3.35 Å (2h� 26.54�), calculated

by Bragg’s law. The XRD of graphite, Figure S2 is given in

the supplementary material.36 It has been observed that the

shape of graphite particles was maintained upon oxidation

from graphite to GO. However, a remarkable increase in the

direction of C-axis was observed due to the presence of oxy-

gen containing functional groups and d002 values were

found to increase from 3.35 to 8.42 Å (2h� 10.5�) for lyophi-

lized GO. With further increase in the annealing temperature,

the (d002) peak of GO was shifted to the higher 2h values

[8.11 Å (2h¼ 10.9�) for GO-100]. At 200 �C, no peak was

observed in the XRD pattern that could be due to the drastic

vaporization of H2O molecules. Above 300 �C, lattice relaxa-

tion took place and we observed a broad peak centered at

2h¼ 26.18� with the corresponding d002 value at 3.40 Å in

the XRD pattern at 400 �C [Figure 1(a)]. On further increas-

ing the temperature to 500 �C, the XRD pattern was appeared

to be the same as that of 400 �C.

The Fourier transform infrared spectroscopy (FTIR)

study was performed to study the extent oxygen moieties

and thus it indicates the steady removal of oxygen containing

groups from GO with increase in the reduction temperature.

Figure 1(b) represents the FTIR spectra of GO and the subse-

quent products on step wise annealing. Graphite shows the

carbon backbone (C¼C) stretching at 1562 cm�1 and the

peak at 1723 cm�1 relates to the stretching vibrations of car-

bonyl and carboxyl (C¼O) groups adjacent to benzene

rings.21,22 The epoxy (C-O-C) stretching and alkoxy (C-O)

stretching vibrations are observed at 1222 cm�1 and

1050 cm�1, respectively.22 As the reducing temperature was

taken to higher value, the groups present at 1620 cm�1 disap-

peared and new peak at 1580 cm�1 related to C¼C vibrations

emerged along with C-O stretching vibrations peak at

1230 cm�1. There was complete elimination of hydroxyl

groups at and above 200 �C. Since CO is strong reducing

agent therefore formation of CO is highly expected.

However, the mechanism of CO formation in thermal reduc-

tion is not well known.23 At 200 �C, the possibility of attack-

ing hydroxyl radicals with CO is responsible for maximum

CO2 production. At 400 �C and 500 �C, no remarkable varia-

tion in the intensity of C¼C band was found. This can be

understood that most of the functional groups had been

removed at 400 �C temperature giving a structure containing

large sp2 domains.

Raman spectroscopy was used to measure significant

structural changes during the reduction process. The main

feature in Raman spectra of GO is the D and G bands. The G

114904-2 Kumar et al. J. Appl. Phys. 118, 114904 (2015)
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peak corresponds to the high frequency phonon (E2g) at the

center of Brillouin zone, while the D peak originates from

breathing modes of six atom rings24 and its activation

requires defects, such as vacancies, amorphous carbon spe-

cies. In other words, the D peak is the indication of disorders

in graphene layers. The D and G band positions are indicated

at 1350 cm�1 and 1580 cm�1 for graphitic structure, respec-

tively.25 Supplementary material, Figure S3, shows the

Raman spectrum of graphite.36 Figure 1(c) represents Raman

spectra of GO recorded at different annealing temperatures

and Figure 1(d) represents corresponding ID/IG ratio. A con-

tinuous increase in the intensity in GO sample may be attrib-

uted to the fact that GO has photoluminescence character. In

the course of step wise increase in the temperature, we

noticed a shift in G band towards high energy. The plausible

reason for this behavior could be the blue shift of the G band

as we go from bulk graphite to single layer of graphite, fol-

lowing the relation xG¼ 1581.6þ 11/(1þ n1.6), where xG is

the frequency of G band.26 Substrate effect may also be one

of the reasons of this high energy shift.27 See supplementary

material for the full details of peak positions with Lorentz fit-

ted curves, Figures S4–S6 and Table.36 With increase in the

annealing temperature, there was a decrease in the ID/IG ratio

which clearly indicates an increase in the size of sp2 cluster

and the decrease in the degree of disorders, except a discrep-

ancy at 200 �C. The intensity ratio was found to increase at

annealing temperature 200 �C. This increase could be due to

the defect formation because of fast removal of CO2. The ID/

IG ratio is the measure of size of sp2 clusters and the degree

of disorders found in graphene. We found no change in the

ID/IG ratio for GO-400 �C and GO-500 �C, which proves that

most of the exfoliation and reduction took place at 400 �C
which is in accordance with the XRD results.

As discussed, graphene based materials shown interest-

ing effects on the physical properties of FLC materials, we

dispersed GO and GO annealed at different temperatures to

observe the effect of the same on FLC material FLC W301.

The pre-requisite condition for better performance for a LC

composite is its alignment. We analyzed the alignment of

GO doped FLC samples by observing their optical micro-

graphs under the crossed polarizers. Different concentrations

ranging from 0.05 wt. % to 0.2 wt. % of GO were mixed with

the FLC material and the alignment of the resulting mixtures

was analyzed. We found 0.1 wt. % of GO (to that of FLC

W301) as the suitable amount that can be added to FLC ma-

terial without any remarkable degradation of FLC alignment.

Figure 2 shows the dark and bright states of pure,

0.1 wt. % GO (as synthesized), GO-200, and GO-400 doped

FLC W301 material. As can be seen from figure, the pres-

ence of GO has not degraded the alignment of the FLC mate-

rial (especially bright states). However, leakage of light

through major portions of the sample in the dark state is

observed in case of 0.1 wt. % non-reduced GO doped FLC

W301 [Figure 2(c)]. The presence of stripes in the dark states

is due to the well known chevron defects of FLC materials.28

It can also be clearly observed that such defects are present

in pure and GO doped FLC W301 samples. However, the

presence of such defects seems prominent in case of

0.1 wt. % GO (as synthesized) doped FLC W301. “As syn-

thesized” GO may contain some undesired impurities as well

as some oxygen containing functional groups in excess that

could have remarkably disrupted the alignment of FLC

molecules. For the mixtures with 0.1 wt. % GO-200 and GO-

400 doped FLC W301, the bright and dark states are

observed almost comparable to that of pure FLC W 301

(Figures 2(e)–2(h)). The different colors of the samples in

bright states could have been aroused due to the fact that the

cell thickness of the sample cells is not exactly the same and

this slight difference in the cell thickness may cause the

color change. Moreover, the ordering of the FLC molecules

nearby GO flakes could have been influenced by the p� p
stacking interactions between the aromatic rings of GO

FIG. 1. (a) XRD pattern, (b) FTIR

spectra, (c) Raman spectra, and (d) vari-

ation of ID/IG ratio of GO and annealed

GO at different temperatures (100 �C,

200 �C, 300 �C, 400 �C, and 500 �C are

marked as (a)–(f), respectively).
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flakes with that of FLC molecules.29 This biased ordering of

the FLC molecules nearby GO flakes has modified the local

ordering which may also contribute to the phenomenon color

change. The modified ordering of the FLC molecules nearby

GO is shown in Figure 3.

Figure 4(a) shows the room temperature dielectric relax-

ation behavior of GO/FLC mixtures. It can be seen that the

low frequency dielectric permittivity (e0) has increased by

�55% for as synthesized GO doped FLC. The higher values

of e0 in the case of GO doped samples could be understood

by taking into account the presence of impurity ions and

high polarizability of functional groups, such as –COOH, -

OH, etc., attached with GO. These attached impurity ions

and the functional groups contribute remarkably to e0 espe-

cially at low frequency regime.30 Thermal treatment of GO,

however, reduces such impurities and functionalities as can

be seen by the value of e0 for thermally reduced GO doped

samples.

The behavior of dielectric loss factor (tan d) representing

the different dielectric relaxation phenomena as well as

energy dissipation in case of pure and GO doped samples

has been shown in Figure 4(b). The peak in tan d around

1 kHz indicated the conventional dipolar relaxation of FLC

molecules known as Goldstone mode which appear due to

the phase fluctuations. The relaxation aroused at low fre-

quency regime (�100 Hz) generally occurs due to the pres-

ence of undesired ionic impurities in the FLC mixture

itself.19,31,32 Also, it may be observed that this low frequency

relaxation is enhanced remarkably in case of GO doped sam-

ples and is found greater for “as synthesized” GO doped

FLC sample. Such enhancement has been observed due to

the presence of ionic contamination in GO and such impur-

ities are obviously remarkable in case of “as synthesized.”

Another peaking above 100 kHz is due to the ITO electrodes

used in fabricating the sample cells.33,34 The maximum value

of tan d of FLC W301 has been increased in the presence of

GO. However, the profile of tan d for GO doped samples is

nearly same as that pure FLC W301. The significant increase

in the peak value of tan d is due to dipolar contributions of

FIG. 2. Optical micrographs of dark (a), (c), (e), and (g) and bright (b), (d),

(f), and (h) states of pure (a) and (b), GO doped (c) and (d), GO-200 doped

(e) and (f), and GO-400 doped (g) and (h) FLC W301 at room temperature.

Crossed arrows represent crossed polarizers.

FIG. 3. The packing model showing the presence of GO flakes into the net

of FLC.

FIG. 4. Behavior of (a) dielectric per-

mittivity (e0) and (b) dielectric loss fac-

tor (tan d) of pure, GO, GO-400, and

GO-400 doped FLC W301 material

with frequency at room temperature.

114904-4 Kumar et al. J. Appl. Phys. 118, 114904 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

14.139.60.97 On: Tue, 20 Oct 2015 09:19:36



the oxygen based functional groups attached with GO. For

higher annealing temperatures, these functional groups have

been reduced and in turn the e0 and tan d values became com-

parable to that of pure FLC W301 in case of GO-400 doped

FLC. Clearly, the behavior of e0 and tan d of the GO/FLC

mixtures further manifested the stepwise reduction of GO.

To analyze the interaction of GO with FLC material in

terms of the material constants of the later, we observed the

behavior of spontaneous polarization (PS), rotational viscosity

(g), and response time (sR) of GO/FLC mixtures with applied

dc voltage which is shown in Figure 5. It is clear from the

Figure 5(a) that the saturation value of PS is observed almost

the same for all mixtures. However, it is found to be slightly

greater in case of GO doped FLC W301 especially at low

bias voltages. The reasons for this increased value in PS are

due to the presence of oxygen based functional groups

attached with GO. These functional groups produce polariza-

tion when field is applied and thus increasing slightly the

effective value of PS of the mixture. As the values of PS for

pure and GO doped FLC have come out to be comparable,

we have averaged out all these values to get a smooth plot

which is shown in the inset of Figure 5(a).

Figure 5(b) shows the change in rotational viscosity as a

function of applied voltage. It is quite interesting to observe

a remarkable lowering in the g values of FLC due to the

presence of GO.

The rotational viscosity FLC material is found to

decrease monotonically by doping with GO annealed at dif-

ferent (increasing) temperatures. The decrease in g may be

due to the dielectric anisotropic properties of GO and FLC

materials. When electric field is applied, both GO sheets and

FLC molecules experience a torque but because of distinct

dielectric anisotropic properties and aspect ratio, the dynamic

response is not the same which results in the reduced rota-

tional viscosity.35 The electro-optical response time (sR) of

LC based display systems is one of the most important pa-

rameters as it provides the information about the switching

speed of the device and it mainly depends on the material

constants g and PS. This dependence is given by the relation

sR ¼
g

PSE
;

where E is applied field.

With the above relation, it can be clearly understood

how the lowering in the rotational viscosity resulted the

faster response of GO/FLC composites [Figure 5(c)]. The g
values have been lowered greatly in case of GO-400 doped

FLC which in turn result �20% reduction in the response

time.

IV. CONCLUSIONS

A systematic low temperature exfoliation and reduction

of lyophilized GO has been demonstrated. The systematic

thermal reduction has been performed to analyze the effect

of temperature and abridging oxygen on the structure of GO

sheets. By using the thermal reduction method, we have

been succeeded to obtain reduced GO at comparatively

lower temperature (400 �C). Furthermore, the effect of GO

annealed at different temperatures on the dielectric and

electro-optical properties has been analyzed. The presence of

GO has lowered the rotational viscosity of FLC material

which in turn resulted in the form of faster response of the

GO/FLC composites. The present study is one of the steps to

obtain low temperature based GO and to explore the

FIG. 5. Behavior of (a) spontaneous

polarization (PS), (b) rotational viscos-

ity (g), and (c) response time (sR) of

pure, GO, GO-200, and GO-400 doped

FLC W301 material with applied volt-

age at room temperature. Inset of (a)

shows the behavior of average value of

PS for pure and GO doped samples.
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applications of the same in improving the properties of LC

based display systems.
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