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This paper reports the modification of electrical and optical properties of graphene film by spin coating
polyethylene glycol (PEG) solution onto the graphene oxide film followed by thermal reduction process.
The PEG solution was deposited onto the graphene oxide film at different spin coating speeds (1000,
1500, 2000, 2500 and 3000 rpm). The introduction of PEG at appropriate spin coating speed results in
lower sheet resistance and optical transmittance, probably due to better alignment and stacking of the
graphene sheets. It is interesting to find that the dye sensitized solar cell with PEG-modified graphene
film as counter electrode showed 4 times increase in power conversion efficiency as compared to that
with unmodified graphene film.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene film composed of single or multilayer graphene (MLG)
has been considered to be a potential replacement for expensive
platinum which serves as a transparent counter electrode in dye
sensitized solar cell (DSSC) application due to its good electrical
conductivity, high optical transmittance [1,2], and low cost [3].
However, it has been reported that for the same optical transmit-
tance, the sheet resistance of graphene film is much larger than
that of platinum [4]. This could be due the poor interconnection
between the separated graphene sheets which limits the electronic
conduction across the sheets. Although a thicker graphene film can
be deposited to ensure the individual graphene sheets are con-
nected to each other and hence lower sheet resistance, the optical
transmittance will decrease accordingly [5].

Kong et al. reported that the electrical conductivity of reduced
graphene oxide (RGO) film increased by 120% after undergo-
ing poly(allylamine hydrochloride) (PAH) treatment [6]. The PAH
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molecules which attached to the edge of RGO sheets played arole to
connect the separated RGO sheets. However, due to the hydropho-
bicity of RGO, the penetration of hydrophilic PAH solution into
the RGO layer is limited. Similar to PAH, Park et al. proposed that
chemical cross-linking between multi carboxyl (COOH) groups sit-
uated at the edge of graphene oxide (GO) sheet and two terminal
hydroxyl (OH) groups of polyethylene glycol (PEG) could be formed
[7]. In addition, the PEG solution has been reported to have a weak
reducing effect on GO [8,9].

In view of the interaction between PEG and GO, the PEG solu-
tion was spin-coated directly onto the GO film and followed by heat
treatment in the present work. In contrast to PAH treatment on RGO
layers, better penetration of PEG solution into the interlayer of GO
can be expected since both of them are hydrophilic [6]. Besides,
thermal reduction method was used to transform the PEG-modified
GO film into conducting graphene film rather than chemical reduc-
tion approach which normally involves toxic and strong reducing
agent such as hydrazine monohydrate [10]. The effects of spin coat-
ing speed (1000, 1500, 2000, 2500 and 3000 rpm) on the electrical
and optical properties of PEG-modified graphene films were stud-
ied. The sheet resistance and optical transmittance both decreased
as the spin coating speed was increased from 1000 to 2500 rpm,
after which both of them started to increase. The PEG-modified
graphene film with the lowest sheet resistance of 78.73 k€2/sq was
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Fig. 1. XRD spectra of GO, PEG-GO, MLG, MLG*1.0, MLG*1.5, MLG*2.0, MLG*2.5 and
MLG*3.0 films.

applied as counter electrode in DSSC and the corresponding DSSC
showed 4 times increase in power conversion efficiency (PCE) as
compared to the DSSC with unmodified graphene film.

2. Experimental

The graphite oxide flakes were prepared by using modified
Hummers’ method and the detailed procedures can be found else-
where [11]. The graphite oxide flakes were dissolved in deionized
water at a concentration of 10 mg/ml. The solution was sonicated
for 30 min and followed by stirring for 2 h. Then, the solution was
spin coated on glass substrate at 3500 rpm for 30s to obtain GO
film. This is followed by spin coating of PEG 200 (molecular weight
0f 200 g/mol) on the GO film at different speeds, namely 1000, 1500,
2000, 2500, and 3000 rpm. The same volume of PEG 200 (~100 L)
was dropped on the samples during the spin coating process. Lastly,
the PEG-modified GO films were annealed at 500 °C in argon atmo-
sphere for half an hour to form conducting graphene films. The
graphene film consisted of MLG as reported previously [11]. The
samples were denoted as MLG*1.0, MLG*1.5, MLG*2.0, MLG*2.5,
and MLG*3.0 for spin coating speeds of 1000, 1500, 2000, 2500,
and 3000 rpm, respectively.

The crystal structures of the samples were characterized by
using Bruker D8 Advanced x-ray diffractometer with CuKo radi-
ation at a scan rate of 0.025°/0.1 s. The optical transmission of the
samples was investigated by using Halo DB-20 UV-Vis spectropho-
tometer. On the other hand, the sheet resistances were obtained
via four point probe measurement using Keithley 2401 source
meter. The Fourier Transform Infrared Spectroscopy (FTIR) of the
samples was investigated by using Perkin ElImer 400 FTIR-NIR spec-
trometer. The surface morphology of the samples was investigated
by using NT-MDT Ntegra Prima atomic force microscope (AFM)
at room temperature. Lastly, DSSCs consisting of ZnO nanorods
arrays as photoanode and graphene film as counter electrode with
iodine electrolyte were fabricated. The photovoltaic performance
of DSSCs with unmodified and PEG-modified graphene films was
investigated by current-voltage measurement under 100 mW/cm?
simulated AM 1.5 G sunlight using Keithley 237 source measure-
ment unit.

3. Results and discussion

The XRD spectra of GO, PEG-GO, MLG, MLG*1.0, MLG*1.5,
MLG*2.0, MLG*2.5 and MLG*3.0 films are shown in Fig. 1. The XRD
spectrum of GO film consisted of a sharp peak at 20=10.37° and a
broad peak at 20 =20.55°. The sharp peak corresponds to interlayer
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Fig. 2. (A) The optical transmission spectra and (B) the sheet resistance and opti-
cal transmittance (A =550 nm) of MLG, MLG*1.0, MLG*1.5, MLG*2.0, MLG*2.5 and
MLG*3.0 films.

distance of around 0.83 nm, whereas the broad peak indicates the
incomplete oxidation and intercalation of graphite [11]. It is inter-
esting to note that the sharp peak at 26 =10.37° disappeared and the
broad peak at 26 =20.55° shifted to 22.05° (interlayer distance of
0.42 nm) when the GO film was coated with PEG. This suggests that
most of the water molecules and some functional groups such as
OH, epoxy (C—0—C)and COOH [10,12-14] have been removed from
the PEG-modified GO film before the thermal reduction process.
The interlayer distance decreased further to 0.36-0.37 nm after the
thermal reduction process as a consequence of removal of more
functional groups at higher temperature [15]. In addition, there is
no significantinterlayer distance variation among the samples after
the thermal reduction process, implying the PEG located in between
the GO sheets has been completely removed and the degree of GO
reduction was similar [16].

Fig. 2A shows the optical transmission spectra of unmodified
graphene film and graphene films modified with PEG at different
spin coating speeds. The optical transmittance (at A =550 nm) of
the graphene film only decreased slightly from 70% to 69% and 68%
when the PEG was spin coated at speeds of 1000 and 1500 rpm,
respectively. The optical transmittance decreased significantly to
54% when the spin coating speed reached 2500 rpm. However, fur-
ther increase in spin coating speed to 3000 rpm results in higher
optical transmittance (59%). The sheet resistance of the samples
exhibited the similar trend to the optical transmittance as shown
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Fig. 3. The FTIR spectra of PEG, GO, PEG-GO, PEG-GO heated at 200°C and 500°C.

in Fig. 2B. The lowest sheet resistance of 78.73 k€2/sq was achieved
at spin coating speed of 2500 rpm.

In order to understand the reason behind the changes of opti-
cal transmittance and sheet resistance upon PEG modification, FTIR
and AFM measurements were carried out. The FTIR spectra of pure
PEG, GO, PEG-GO, and PEG-GO heated at 200°C and 500°C are
shown in Fig. 3. In the FTIR spectrum of pure PEG, the broad peak at
~3409 cm~! is attributed to O—H bonds vibration [ 17], whereas the
strong peaks detected at ~2878, ~1459 and 1348 cm~! are related
to C—H bonds [17]. The typical peaks of PEG at ~2878, ~1459 and
1348 cm! also appeared in the FTIR spectrum of PEG-GO, indicat-
ing the PEG has been successfully incorporated into the GO film. It is
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interesting to note that the intensity of characteristic peaks of PEG
at ~2878, ~1459 and 1348 cm~! reduced significantly after a ther-
mal treatment at 200 °C was given. In addition, two sharp peaks at
~1740 and ~1580 cm~! corresponding to C=0 stretching of ester
linkages and benzene ring vibration of C=C bonds [17], respec-
tively, are clearly observed. This suggests that OH groups of PEG
have been connected to COOH groups of GO and the GO has been
partially reduced to form graphene film [ 18]. However, as the ther-
mal reduction temperature was further increased to 500°C, only a
broad and weak peak at ~1580 cm~! due to C=C bonds is observed
which implies that the reduction of GO was almost complete and
no PEG residual was found. It is believed that thermal reduction at
500 °C could gasify and completely eliminate the PEG from the GO
film, which is in agreement with previous report [19]. It has been
reported that the ionic conduction characteristic of hydrated PAH
which serve as intermediate material between individual graphene
sheets contributes to the improved conductivity of RGO film [6].
Since the PEG has been completely removed from the film at 500 °C
in the present case, the role of PEG in reducing the sheet resistance
should be different from that of PAH.

The typical AFM images of MLG, MLG*1.0, MLG*2.5 and MLG*3.0
films are shown in Fig. 4. It can be clearly observed that the surface
of MLG*1.0 was rougher than that of MLG. The root mean square
(RMS) roughness of MLG*1.0 (15.6 nm) was larger than that of MLG
film (10.9 nm). The PEG could penetrate into the interlayer of GO
sheets due to their similar hydrophilic property when the solution
was dropped onto the GO film [20]. It is possible that the realign-
ment of mobilized GO sheets occurred due to the centrifugal force
generated during the spin coating process [21]. At relatively low
spin coating speed (1000 rpm), smaller centrifugal force made less
PEG solution to be scattered away from the GO film, hence resulting
in larger agglomeration of PEG [22]. The elimination of agglomer-
ates of PEG during the thermal reduction process causes the result-
ing graphene film to become rougher and have more wrinkles.
However, it should be noted that the sheet resistance of MLG*1.0
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Fig. 4. The AFM images of (A) MLG, (B) MLG*1.0, (C) MLG*2.5 and, (D) MLG* 3.0 films.
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film was still lower than that of MLG (Fig. 2B). The removal of ester
linkage between OH groups of PEG and COOH groups at the edge
of GO sheets at high thermal reduction temperature could result
in stacking of GO sheets. The stacking of graphene sheets leads to
decrease in the number of sheet-to-sheet junctions. The electrons
can move faster across the interconnected graphene sheets, hence
resulting in smaller sheet resistance. Furthermore, the increase in
portion of graphene film with stacking structure enhances both the
light absorption and reflection, which leads to decrease in optical
transmission [5]. The graphene film became smoother, as indi-
cated by the decrease in RMS roughness to 11.3 nm, when the spin
coating speed was increased to 2500 rpm. The stronger centrifugal
force at high spinning speed not only leads to less agglomeration of
PEG, but also better alignment and stacking of the graphene sheets
as evidenced by the lowest values of sheet resistance and optical
transmittance. Even though the MLG*3.0 film (RMS roughness of
10.1 nm) was smoother than the MLG*2.5 film, the sheet resistance
of the former was higher. It is believed that the role of PEG solution
in promoting better interconnection between graphene sheets was
minimized due to the relatively high centrifugal force.

The PEG-modified graphene film (MLG*2.5) with the low-
est sheet resistance and unmodified graphene film were used
as counter electrode in DSSCs. The corresponding current
density-voltage (J-V) curves in dark and under illumination of a
simulated AM 1.5 G sunlight at 100mW/cm? are shown in Fig. 5.
The DSSC with unmodified graphene film yielded a short circuit
current density (Jsc) of 0.026 mA/cm?, an open circuit voltage (Voc)
0f 0.42V, and a fill factor (FF) of 25%, resulting in PCE of 0.0027%. On
the other hand, the PCE of the DSSC with MLG*2.5 film increased
significantly to 0.012% with aJsc of 0.10 mA/cm?, a Vo 0f 0.44V and
an FF of 27%. As expected, the significant increase in Jsc and PCE
could be correlated with the reduction of sheet resistance of the
graphene film upon PEG modification [23]. Despite the very low
PCE, better photovoltaic performance could be achieved by adding
dyes to the ZnO nanorods which enlarges the wavelength range of
light absorption [24].

4. Conclusions

The effects of spin coating speed on the electrical and
optical properties of PEG-modified graphene films have been
successfully investigated. The sheet resistance and optical trans-
mittance decreased with the spin coating speed up to 2500 rpm,
after which both of them began to increase. The decrease of sheet

resistance and optical transmittance upon PEG modification could
be attributed to the better alignment and stacking of the graphene
sheets. The PCE of DSSC with the lowest sheet resistance PEG-
modified graphene film as counter electrode increased by 4 times
as compared to that with unmodified graphene film. The PEG mod-
ification has been demonstrated to a valuable and simple approach
to improve the electrical and optical properties of graphene
film.
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