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Effect of thermal reduction temperature on the optical
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Abstract Multilayer graphene was prepared by thermal
reduction of graphene oxide film at various temperatures
(200, 400 and 500 °C) in argon atmosphere for an hour.
The graphite oxide was first synthesized by using modified
Hummers method and spin coated on quartz substrate to
form graphene oxide film. X-ray diffraction, field emission
scanning electron microscopy, UV-Vis spectroscopy and
four point probe measurement were used to characterize
the resultant multilayer graphene. The transmittance and
sheet resistance decreased with the thermal reduction
temperature. The lowest sheet resistance of 91.6 + 0.3 k€/
sq was obtained at temperature of 500 °C, showing almost
100 times improvement compared to that prepared at
200 °C.

1 Introduction

Graphene, a low cost material with a monolayer of carbon
in 2D honeycomb lattice with a 0.34 nm thickness [1], has
been found useful in solar cell application due to its good
electrical and optical transmission properties [2—6]. Espe-
cially in dye sensitized solar cells (DSSC) devices,
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graphene has been used widely as a counter electrode.
Graphene in this study is provided by means of chemical
method through oxidation of graphite using modified
Hummer methods. Hummers method has become a famous
technique of graphene oxide preparation because it is a low
cost and simple method by which large scale of graphene
oxide can be obtained easily [7, 8]. Graphene can be pro-
duced via thermal reduction of graphene oxide film
deposited on substrate [9]. However, it has been reported
that, the sheet resistance of graphene film is much larger
than that of platinum for the same optical transmittance
[10]. This could be due the poor interconnection with
neighboring ones which limits the electronic conduction
across the sheets. Although a thicker or multilayer gra-
phene film can be deposited to ensure the individual gra-
phene sheets are connected to each other and hence lower
sheet resistance, the optical transmittance will decrease
accordingly [11].

Multilayer graphene has been successfully synthesized
from graphite oxide prepared by using modified Hummers
method with a relatively small amount of oxidizing agent
and short-time processing at ambient temperature in pre-
vious work [7]. However, the high temperature (600 °C)
applied during thermal reduction of graphene oxide is not
suitable if the multilayer graphene is to be used as low-cost
counter electrode deposited on glass substrate in dye sen-
sitized solar cell application. Therefore, the present work
was carried out to investigate the effect of using lower
thermal reduction temperature (200, 400, and 500 °C) on
the electrical and optical properties of multilayer graphene.
The transmittance and sheet resistance of multilayer gra-
phene decreased with the temperature. The lowest sheet
resistance of 91.6 £ 0.3 kQ)/sq was obtained at tempera-
ture of 500 °C, showing almost 100 times increase as
compared to that of 200 °C.
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Fig. 1 Absorption (a) and XRD (b) spectra of graphene oxide and multilayer graphene films prepared at different thermal reduction

temperatures
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Fig. 2 Transmission spectra of graphene oxide and multilayer
graphene films prepared at different thermal reduction temperatures

2 Experimental

Multilayer graphene was synthesized from graphite oxide
prepared by using modified Hummers method [12]. The
details of the graphite oxide flake synthesis were descri-
bed elsewhere [7]. The typical preparation of graphene
oxide film is shown below: small amount of graphite
oxide flake was dissolved in deionized water at a con-
centration of 10 mg ml™' by sonication for 30 min fol-
lowed by stirring for 2 h. Then, the resultant solution was
spin-coated by using Chemat Technology Spin-Coater
KW-4A on quartz substrates to form graphene oxide film.
Next, they were annealed at 200, 400, and 500 °C in

@ Springer

150 200 250 300 350 400 450 500 550

I PN FEETE PR FETTE PR R P, )
2000 ] —e— Sheet Resistance [

ol —a— Transmission - 71
g -
26000— :-70;\;

7 L N
P o 8
S 4000 S
s ] - 68 &
T 2000 ] -
22000—_ = 67
7 C

1 - 66
0‘_ orek

e 65

150 200 250 300 350 400 450 500 550
Temperature (°C)

Fig. 3 The sheet resistance and optical transmittance of multilayer
graphene films as a function of thermal reduction temperature

argon atmosphere for 1 h to form MLG film. The resul-
tant samples were then denoted as G200, G400, and
G500, respectively.

The optical transmission characterization of graphene
oxide and multilayer graphene films was carried out by
using Halo DB-20 UV-Vis spectrophotometer. The crystal-
structure of the films was characterized by using BrukerD8
Advanced X-ray diffraction (XRD) with CuKa radiation at
a scan rate of 0.025°/0.1 s. The morphology of the samples
was obtained by using Zeiss Supra 55VP field emission
scanning electron microscope (FESEM) at an acceleration
voltage of 3 kV. Lastly, the sheet resistance of MLG films
was studied via Four Point Probe measurement by using
Keithley 2401 source meter.
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Fig. 4 FESEM images of multilayer graphene prepared at a 400 °C, and b 500 °C

3 Results and discussion

Optical absorption spectra of graphene oxide and multi-
layer graphene films prepared at different thermal reduc-
tion temperatures are shown in Fig. la. It was found that
graphene oxide exhibited a maximum absorption peak at
226 nm and a shoulder peak at 310 nm. The absorption
peak red-shifted to 270 nm as the thermal reduction tem-
perature increased, indicating part of conjugated C=C
bonds have been restored as an effect of heating process
applied [7].

X-ray diffraction spectra of graphene oxide and multi-
layer graphene films are shown in Fig. 1b. A significant
diffraction peak at 20 = 10.42° corresponding to interlayer
distance of 0.886 nm was observed in the XRD spectrum
of graphene oxide. The weakening of Van der walls force
[8, 13] and the presence of functional groups such as
hydroxyl, epoxy, and carboxyl during the oxidation step
[14—16] contributes to the increase in interlayer distance. In
addition, a weak diffraction peak detected at 20 = 20.78°
indicates incomplete oxidation and intercalation of graphite
[7]. After thermal reduction at 200 °C, the diffraction peak
shifted to 20 = 21.45°, indicating interlayer distance was
reduced to 0.411 nm due to the removal of water molecules
and functional groups [9]. The interlayer distance
decreased further to 0.406 nm and 0.401 nm at temperature
of 400 and 500 °C, respectively. The decrease in interlayer
distance with thermal reduction temperature suggests more
functional groups could be removed at higher heating
temperature.

The optical transmission spectra of graphene oxide and
multilayer graphene films are shown in Fig. 2. The trans-
mittance of multilayer graphene decreased significantly
with increasing thermal reduction temperature. The gra-
phene oxide film showed a transmittance of 79 % at
A = 550 nm. After thermal reduction, the transmittance
decreased to 54 %, indicating the formation of multilayer

graphene (£19 layer or 6.46 nm in thickness) since
absorbance of each individual graphene layer is approxi-
mately 2.3 % [17]. Besides that, the decrease in transmit-
tance could be attributed to partial restoration of
conjugated C=C bonds in the graphene structure [18].
Figure 3 shows the optical transmittance at A = 550 nm
and sheet resistance of the corresponding films as a func-
tion of thermal reduction temperature. Both sheet resis-
tance and optical transmittance decreased as the
temperature increased. The multilayer graphene prepared
at temperature of 500 °C exhibited the lowest sheet resis-
tance of 91.6 £ 0.3 k€Q/sq, almost 100 times improvement
as compared to that prepared at 200 °C. The lowest sheet
resistance obtained in this work was slightly higher than
that obtained from graphene (70 kQ/sq) with similar
transmittance of 65 % [19].

Figure 4 shows the typical FESEM images of multilayer
graphene prepared at thermal reduction temperature of 400
and 500 °C. The wrinkle observed in G500 was more
significant than that in G400, probably due to escape of
more functional groups at higher temperature. Besides,
increase in thermal reduction temperature also results in
graphene aggregation due to stronger attractive force
between layers [20].

4 Conclusions

The effect of thermal reduction temperature on the optical
and electrical properties of multilayer graphene has been
investigated. The interlayer distance of graphene decreased
with the temperature, indicating more water molecules and
functional groups were removed. The transmittance and
sheet resistance of multilayer graphene decreased with
increasing temperature due to partial restoration of conju-
gated C=C bonds in the graphene structure. The lowest
sheet resistance of 91.6 & 0.34 kQ/sq was achieved at
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temperature of 500 °C, exhibiting almost 100 times

improvement compared to that of 200 °C.
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