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ABSTRACT: Improving device efficiency and stability of
polymer solar cells (PSCs) is crucial for their practical
application. Although graphene oxide (GO) could replace
the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as the hole-collection material and improve
the photovoltaic stability of PSCs, the power conversion
efficiency is moderate because of its insulating nature. In this
article, nanocomposites of two-dimensional reduced graphene
oxide (rGO) and GO are used to replace the acidic
PEDOT:PSS as the hole-collection material of PSCs. The nanocomposites are formed by dispersing rGO into aqueous
solution of GO. GO serves as a surfactant, and it can stabilize rGO. The presence of rGO can quench the photoluminescence of
GO in water. The nanocomposite films exhibit higher conductivity than GO films without rGO. They are used as the hole-
collection material of PSCs. The optimal PSCs with poly(3-hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester
exhibit such photovoltaic performances: short-circuit current density of 10.37 mA cm−2, open-circuit voltage of 0.60 V, fill factor
of 67.66%, and power conversion efficiency of 4.21%. The photovoltaic efficiency is much higher than that of the control devices
with GO only (3.36%) as the hole-collection material. In addition, the presence of rGO in GO gives rise to better stability for the
PSCs in air than that of the devices with GO only. The devices with rGO:GO composites as the hole-collection materials exhibit
much better stability in power conversion efficiency than the control devices with PEDOT:PSS.
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1. INTRODUCTION

Bulk-heterojunction polymer solar cells (PSCs) are regarded as
the next-generation solar cells because they have the advantages
of low cost and high mechanical flexibility. The power
conversion efficiency (PCE) has been continuously improved.
PCEs exceeding 9% and 10% have been reported for single1

and tandem PSCs,2,3 respectively. Besides the synthesis of new
donor4−12 and acceptor materials13−15 and optimization of the
active layer morphology,5,16−19 the interfaces between the
electrodes and the active layer also play a pivotal role in the
light-to-electricity conversion process.20−30 Conductivity, trans-
parency, solution processability, film morphology, and stability
are key factors for selecting the interfacial materials for PSCs.
A l though poly(3 ,4 -e thy lened ioxyth iophene) :po ly -
(styrenesulfonate) (PEDOT:PSS) is the most popular hole-
collection material, it is acidic and hygroscopic, which causes
the corrosion to the indium tin oxide (ITO) anode and poor
stability for PSCs.31−33 Both device performance and stability
are important for the practical application of PSCs. Therefore,
it is important to develop new cost-efficient and solution-
processable hole-collection interfacial materials. Although
metallic oxides, such as MoO3,

34 V2O5,
35,36 NiOx,

37 and
WO3,

38,39 by solution processing were demonstrated as the
hole-collection materials of PSCs, the fabrication conditions

have to be well-controlled to have the suitable thickness and
morphology. In addition, these oxides have poor mechanical
flexibility.
Recently, graphene oxide (GO) and its derivatives were also

investigated as a hole-collection material of PSCs.40−49 GO is a
two-dimensional material. It has a work function of about 4.9 V,
almost the same as that of PEDOT:PSS, and it can be dispersed
in water. GO can give rise to much better stability for PSCs
than PEDOT:PSS.48 However, GO is an insulator and leads to
a high internal resistance for PSCs, which lowers the short-
circuit current density (Jsc) and fill factor (FF). To improve the
conductivity, chemical and physical methods have been
exploited to modify GO, such as moderately reduced GO
treated with p-TosNHNH2 (pr-GO),49 thermal annealing of
GO,50 sulfonation of GO (GO-OSO3H),

51 and blending with a
large amount of (∼20 wt %) conductive single-walled carbon
nanotubes (SWCNT).52 However, p-TosNHNH2 is a highly
toxic reductant. The product must be further purified after
treatment. High temperature up to 230 °C is required for
thermal annealing treatment. GO-OSO3H with higher acidity
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compared to GO may erode the ITO anode and result in poor
device stability as PEDOT:PSS hole-collection layer. Addition
of a large quantity of costly SWCNT will lead to increased
production costs.
In this work, we report that highly reduced GO (rGO)

powders can be dispersed and stabilized in water using GO as
surfactant by simple sonication treatment. Nanocomposites of
two-dimensional rGO and GO were readily obtained and
applied as the hole-collection layer (HCL) of PSCs. A
minuscule amount of rGO additive (2 wt % with respect to
GO) could significantly improve the vertical conductivity of
GO-based HCL. Employing this nanocomposite as HCL, the
optimal PSCs with poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) exhibit a power
conversion efficiency of 4.21%. The PCE is much higher than
that of the control devices with GO only as the HCL (3.36%)
and comparable to the PEDOT:PSS-based device (4.04%).
More importantly, utilization of this two-dimensional nano-
composites does not affect the chemical properties of GO
matrix, giving rise to much better stability for the devices than
that with PEDOT:PSS as hole-collection material.

2. RESULT AND DISCUSSION
2.1. Preparation and Characterization of Gx-GO

Nanocomposites. Highly reduced GO shows good con-
ductivity but poor solution processability. GO can be well-
dispersed in water due to the existence of hydroxyl and carboxyl
groups. It can behave as a surfactant because of the
hydrophobic domains and hydrophilic units.53 Herein, rGO
was directly dispersed in GO aqueous solution to obtain the
rGO:GO nanocomposites by ultrasonication, which is denoted
as Gx-GO, where x is the percentage of rGO with respect to
GO.
Figure 1 shows pictures of aqueous solutions dispersed with

0.5 g L−1 GO, 0.5 g L−1 G002-GO (the loading of rGO is 2 wt

% with respect to GO), and 0.01 g L−1 rGO (the same rGO
concentration as that in G002-GO). The rGO is completely
dispersed in the GO aqueous solution. The solution of GO and
rGO has good stability. No obvious rGO particle was observed
after ultrasonication and even 7 days after the solution
preparation. In contrast, rGO cannot be completely dispersed
in water in the absence of GO. After 7 days, a large amount of
precipitates appeared at the bottom of the solution. The rGO is
stabilized by GO in water. GO has hydrophobic domains and
hydrophilic units, and it is considered as a two-dimensional
surfactant.52 In a stable dispersion, the hydrophobic rGO sheets
should be surrounded with the hydrophilic GO sheets in water.

It is expected that π−π coupling can take place between GO
and rGO sheets because GO has conjugated domains.
The interaction between GO and rGO sheets was explored

by photoluminescence spectroscopy. As shown in Figure 2,

when the GO concentration was 5.0 g L−1, no fluorescence was
detected for both GO and G002-GO solutions. It can be
attributed to the concentration quenching of GO.54 When the
GO concentration was lowered to 0.5 g L−1, remarkable
photoluminescence was observed in the wavelength range from
420 to 720 nm. The presence of 0.01 wt % rGO almost
completely quenched the photoluminescence of the solution of
0.5% GO. As rGO is in metallic state, it can quench the
photoluminescence of the insulating GO in its vicinity. This
confirms the interaction between rGO and GO in water.
The composition of Gx-GO with different rGO content was

investigated by X-ray photoelectron spectroscopy (XPS). Films
of Gx-GO nanocomposites were prepared by drop casting the
mixture solutions on the silicon wafers and dried at 60 °C in an
oven overnight. The weight loadings of rGO are 0%, 2%, and
10% with respect to GO in solution. In terms of the XPS
results, the atomic ratios of carbon to oxygen are 2.76:1, 2.88:1,
and 3.69:1 for GO, G002-GO, and G010-GO, respectively. The
C 1s XPS signal can be deconvoluted into three XPS bands at
284.5, 286.6, and 288.5 eV (Figure 3).55 They correspond to
C−C, C−O, and CO structures. The ratios of the C−C
integrated intensity to the total integrated intensity of C−O
and CO structures are 1.16:1, 1.20:1, and 1.50:1 for pure
GO, G002-GO, and G010-GO. This is consistent with the rGO
loading in these samples.
Atomic force microscopic (AFM) images (Figure 4) were

acquired to study the surface morphology of Gx-GO films
prepared on silicon wafer by spin coating. The two-dimensional
sheets can be observed. The film thickness is around 3 nm,
which is corresponding to two- or three-layer GO sheets. The
surface roughnesses are 0.860, 0.793, and 0.967 nm for GO,
G002-GO, and G010-GO films, respectively. The presence of
rGO hardly affects the roughness of the films.
It should be noted that the AFM images were taken only in a

small area for the very thin Gx-GO films. We also investigated
the surface morphology of Gx‑GO films on silicon in a larger
area by scanning electron microscope (SEM). Since the

Figure 1. Photographs of (a) freshly prepared GO, G002-GO, and
rGO solutions and (b) 7 days after the solution preparation.

Figure 2. Photoluminescent spectra of GO (solid line) and G002-GO
(dotted line) solution with different concentrations.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506326y | ACS Appl. Mater. Interfaces 2014, 6, 22334−2234222335



samples prepared by spin coating are too thin to obtain clear
images, samples of GO, G002-GO, and G010-GO on silicon
wafer were prepared by drop-casting. As shown in Figure 5, it
was found that the presence of rGO could significantly affect
the surface morphology of the thick films to form starburst-like

patterns. This is consistent with the stabilization of rGO by GO
in water. The rGO sheets act as the central part, and they are
surrounded with GO sheets.

2.2. Polymer Solar Cells with Gx-GO Composites as
the Hole-Collection Material. Gx-GO composites films were
used as the HCL of polymer solar cells with a device
configuration of ITO/HCL/P3HT:PCBM/Ca/Al. They were
prepared on ITO/glass substrate by spin coating and had a
thickness of around 3 nm. Control devices with GO only or
PEDOT:PSS for the HCL were also fabricated. The photo-
voltaic performances of these devices were summarized in
Table 1.
The device with GO only as the HCL exhibits a open-circuit

voltage (Voc) of 0.60 V, Jsc of 9.65 mA cm−2, FF of 58.03%, and
moderate PCE of 3.36% under AM1.5G illumination. Adding 1
wt % rGO increases Jsc to 9.98 mA cm−2 and FF to 60.79%,
while it does not affect the Voc value. The optimal rGO loading
is 2 wt % in the composite film in terms of the photovoltaic
performance of the devices. The optimal PCE is 4.21%. Further
increase in the rGO loading lowers the Jsc, FF, and PCE of
PSCs. The optimal rGO loading is 2 wt % in the composite film
in terms of the photovoltaic performance of the devices. This is
much lower than the optimal SWCNT loading in GO.52 This
might be caused by the dimensionality of the adducts. Carbon
nanotubes are one-dimensional materials, while rGO has a two-

Figure 3. XPS spectra of GO, G002-GO, and G010-GO.

Figure 4. AFM height images and section analysis of spin-coated GO (a), G002-GO (b), and G010-GO (c) on silicon wafer.
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dimensional structure. The two-dimensional rGO provides
more active surface area to facilitate the charge tunnel through
the GO layer than the one-dimensional carbon nanotubes.
The control device using PEDOT:PSS as HCL shows almost

the same Voc and FF as the device of G002-GO, but with
slightly lower Jsc (10.05 mA cm−2) and PCE (4.04%) values.
Figure 6a,b presents the J−V curves and external quantum
efficiency (EQE) spectra of devices employing GO, G002-GO,
and PEDOT:PSS as hole-collection materials. The device of
G002-GO shows improved EQE value in a broad wavelength
range from 350−650 nm, indicating more efficient charge
collection.
Although the devices with G002-GO or PEDOT:PSS as the

hole-collection material exhibit comparable PCEs, the former
devices are much more stable than the latter. As shown in
Figure 6c, the PCE of the PSCs with PEDOT:PSS rapidly
decreases in ambient condition with humidity around 80%.
After 8 h, the PCE becomes almost zero. This is related to the
hygroscopic nature of PEDOT:PSS.56 In contrast, the PCE of
the devices with G002-GO is quite stable. The PCE is around
73% of the original efficiency after the same time span. Besides
the hydroscopic difference of the materials, the ion diffusion
may also affect the stability.57 PEDOT:PSS can release protons
particularly after it absorbs water. Interestingly, the devices with
G002-GO shows even better stability in air than those with GO
only. Presumably, this is related to the hydrophobic nature of
rGO.

The presence of rGO in GO can increase Jsc and FF of PSCs.
Since rGO is highly conductive, it lowers the vertical resistance
of the hole-collection layer. However, the conductivity of the
Gx-GO samples is not high enough for the measurement of
their conductivity by the four-point probe technique. Thus, the
current density−voltage curves of the structures with a GO, Gx-
GO, or PEDOT:PSS film sandwiched between Al and ITO
electrodes were tested to understand their different conductive
properties. As shown in Figure 7, the addition of rGO into the
GO films increases the current density. The current density
becomes higher with rGO loading. The current density through
the G002-GO film is even higher than that through the
PEDOT:PSS film. Although the PEDOT:PSS film is much
thicker than the G002-GO film, these are the thicknesses for
these materials in the optimal PSCs. The current densities
along the vertical direction are consistent with the Jsc values of
the devices with G002-GO and PEDOT:PSS as the hole-
collection materials.
The transmittance of the hole-collection layer can also affect

Jsc. We inspected the optical transmittance of GO, G002-GO,
and PEDOT:PSS film deposited on glass substrates (Figure 8).
The addition of 2 wt % rGO only slightly decreases the
transmittance of GO in the wavelength range shorter than 600
nm. Both the GO and G002-GO films show higher optical
transmittance than that of PEDOT:PSS film when the
wavelength is longer than 500 nm.

Figure 5. SEM images of drop-casted GO (a, b), G002-GO (c, d), and G010-GO (e, f) on silicon wafer under two different magnifications.

Table 1. Photovoltaic Performances of PSCs with GO, Gx-GO, and PEDOT:PSS as the HCL

device HCL Voc [V] Jsc [mA cm−2] FF [%] PCE [%]a Rs [Ω cm2] Rsh [kΩ cm2]

1 GO 0.60 9.65 58.03 3.36 (3.20 ± 0.14) 11.29 362.86
2 G001-GO 0.60 9.98 60.79 3.64 (3.43 ± 0.16) 3.49 185.89
3 G002-GO 0.60 10.37 67.66 4.21 (3.98 ± 0.18) 3.82 78.13
4 G003-GO 0.60 10.26 64.81 3.99 (3.72 ± 0.15) 4.34 16.75
5 G004-GO 0.60 9.86 62.04 3.67 (3.36 ± 0.25) 8.54 2.39
6 PEDOT:PSS 0.60 10.05 67.00 4.04 (3.92 ± 0.08) 3.70 312.24

aIn the brackets are the average PCE values and standard deviations according to ten devices.
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Apart from the conductivity, the work function of the
composite film should be considered for the device perform-
ance. The work function of ITO coated with a Gx-GO film was
studied by ultraviolet photoelectron spectroscopy (UPS)
(Figure 9).58 The work function (φ) could be calculated by
the following equation:

Figure 6. J−V curves under illumination (a) and EQE spectra (b) of
PSCs with GO, G002-GO, and PEDOT:PSS as the hole-collection
material. (c) Variation of power conversion efficiency with time for
unencapsulated PSCs with different hole-collection materials in
ambient condition with humidity around 80%.

Figure 7. J−V curves of devices with a GO, Gx-GO, or PEDOT:PSS
film sandwiched between ITO and Al. The thickness of the GO and
Gx-GO films is around 3 nm, and the thickness of PEDOT:PSS is
about 30 nm.

Figure 8. Optical transmittance of the GO (3 nm), G002-GO (3 nm),
and PEDOT:PSS (30 nm) films. These are the optimal thicknesses for
their application as the hole-collection material in PSCs.

Figure 9. UPS spectra of bare ITO and ITO samples coated with GO
and Gx-GO.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506326y | ACS Appl. Mater. Interfaces 2014, 6, 22334−2234222338



φ = + −hv E Ecutoff F (1)

where hv is the photon energy of the UV source (He I light of
21.22 eV), EF is the energy of the Fermi edge, and Ecutoff
corresponds to the cutoff energy of the UPS spectrum. In
comparison with bare ITO, the kinetic energy of the cutoff edge
of ITO coated with a GO film shifts to a higher value by 0.67
eV. As the work function of ITO is about 4.5 eV, the work
function of ITO/GO is about 5.2 eV. The highest occupied
molecular orbital (HOMO) energy level of P3HT is around 5.0
eV. Thus, there is good energy level match for the hole
collection. The presence of a small amount of rGO does not
affect the kinetic energy of the cutoff edge. Hence, the work
function factor can be excluded for the decrease of PCE when
the rGO loading is higher than 2 wt % in Gx-GO.
We also calculated the series resistance (Rs) and shunt

resistant (Rsh) according to the slopes at 1 and 0 V of the J−V
curve for the devices in dark (Table 1). The Rs value is 11.39 Ω
cm−2 for the device with GO only. It decreases to 3.49 Ω cm−2

for the device based on the G001-GO layer. This is attributed
to the lower vertical resistance of the G001-GO film. The series
resistance then increases to 3.82, 4.34, and 8.54 Ω cm−2 for the
devices with G002-GO, G003-GO, and G004-GO, respectively.
The main impact of Rs is to influence the FF of the device.
Enhanced Rs value at high rGO concentration leads to lower FF
value. The Rsh value also changes after the addition of rGO into
GO. It is 362.86 kΩ cm−2 for the device with GO only. It
decreases to 185.89, 78.13, 16.75, and 2.39 kΩ cm−2 for the
devices with G001-GO, G002-GO, G003-GO, and G004-GO,
respectively. Lower Rsh suggests there is an alternate current
path for the light-generated current. Such a diversion reduces
the amount of current flowing through the solar cell junction,
leading to lower Jsc value. The decrease in the Rsh might be due
to the aggregation induced by rGO as observed by SEM.
Excessive rGO supplies another possible way for the current

loss. GO can act as effective hole-extraction/electron-blocking
materials because it has high work function (∼5.0 eV) and large
band gap (∼3.6 eV). This hinders the electron transport from
the lowest unoccupied molecular orbital (LUMO) of PCBM
into the ITO anode.41 However, the work function of graphene
is 4.2−4.6 eV, which is similar to the LUMO level (∼4.2 eV) of
PCBM (Figure 10). When rGO is overloaded and cannot be
shielded by GO, it will directly contact the active layer. In this
case, electrons can transport from the LUMO of PCBM into
the Gx-GO layer, leading to lower Jsc values. Therefore, there is
an optimal rGO loading for the hole-collection layer of PSCs.
In a previous report,41,52 the OPV device performance is

quite sensitive to the thickness of the GO layer because of its
insulating property. The optimal thickness for the GO film is
around 3 nm, which corresponds to about two or three layers of
GO nanosheets, in terms of the photovoltaic efficiency. Such a
thin layer is unfavorable for the practical manufacture. The
photovoltaic performance of PSCs becomes less sensitive to the
thickness of the hole-collection layer in the presence of rGO.
Devices with a thicker hole-collection layer were also fabricated
by varying the GO concentrations in water, which were 2.0 and
2.5 mg mL−1. The device performances are summarized in
Table 2. Devices with thicker GO and G002-GO layers show
obviously decreased FF. It can be ascribed to the higher Rs
value, which is calculated to be 13.51, 6.16, 15.87, and 8.62 Ω
cm−2 for devices 1, 2, 3, and 4, respectively. Although PCE of
the PSCs with G002-GO decreases with thicker HCL, the
dependence is less than that with GO only. The PCE drastically

decreased to 2.69% with a 6 nm GO layer, while it still
maintained a moderate efficiency of 3.48% with a 7 nm G002-
GO layer. Apart from the conductive properties, the trans-
mittance of the HCL layer can also affect the PCE. But that
should be a minor factor because both rGO and GO are highly
transparent in the visible range and the Gx-GO films are quite
thin. This is also supported by the slight decrease in the Jsc
value when the Gx-GO layer becomes thicker.

3. CONCLUSION
Nanocomposites of two-dimensional rGO and GO can be
utilized to effectively collect holes for PSCs. The composites
can be prepared by directly dispersing rGO in aqueous solution
of GO. GO can stabilize rGO in water through the interaction
of its hydrophobic domain with rGO. This interaction leads to
the quenching of the photoluminescence of GO by rGO. The
addition of a small amount of rGO remarkably increases the
conductivity of the GO films and effectively improves the
photovoltaic efficiency of PSCs. The optimal rGO loading is 2
wt % with respect to GO in terms of the photovoltaic
performance of the P3HT:PCBM PSCs. The optimal PCE for
PSCs with G002-GO is 4.21%, which is comparable to that of
commonly used PEDOT:PSS HCL. In addition, the small
amount of rGO does not affect the chemical stability of GO
matrix, leading to the enhancement in the device lifetime by
more than 20 times compared to the control devices with
PEDOT:PSS. The exploitation of the water-processed nano-
composites of two-dimensional rGO and GO as the hole-

Figure 10. Energy level alignment of Gx-GO based photovoltaic
device.

Table 2. Photovoltaic Performances of PSCs with Different
Thickness GO and G002-GO Films as the HCL

device HCL
Voc
[V]

Jsc
[mA cm−2] FF [%] PCEa [%]

1 GO (5 nm) 0.60 9.32 55.44 3.10 (2.95 ± 0.11)
2 G002-GO

(5 nm)
0.60 10.21 63.17 3.87 (3.65 ± 0.19)

3 GO (6 nm) 0.59 9.17 49.72 2.69 (2.52 ± 0.13)
4 G002-GO

(7 nm)
0.59 10.10 58.39 3.48 (3.28 ± 0.16)

aIn the brackets are the average PCE values and standard deviations
calculated from 10 devices.
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collection material is a simple, green, and economic way to
realize efficient and stable polymer solar cells.

4. EXPERIMENTAL SECTION
Materials and Preparation of GO/Gx-GO Solutions. P3HT and

PC60BM were purchased from Rieke Metals and American Dye
Source, respectively. Pristine GO aqueous solution (5.0 g L−1) and
high surface area reduced GO powder were purchased from Graphene
Supermarket Corporation. All materials were used as received. GO
solution was diluted to the required concentrations by adding
deionized water. Corresponding amount of rGO was added into GO
solution to prepare Gx-GO solution. GO and Gx-GO solutions were
sonicated for 30 min using a VCX 130PB Probe Ultrasonic
Homogenizer (130 kW × 80%).
Device Fabrication Process. The PSCs were fabricated by the

following process. Patterned ITO glass substrates were sequentially
cleaned with detergent, deionized water, acetone, and isopropyl
alcohol. They were dried under nitrogen flow. After being treated with
UV ozone in a Jelight UV−ozone cleaner for 15 min, the hole-
collection layer was deposited by spin-coating a GO or Gx-GO
aqueous solution at a speed of 2000 rpm for 40 s. The PEDOT:PSS
layer was prepared by spin-coating a PEDO:PSS (Clevios P 4083)
aqueous solution at a speed of 5000 rpm for 60 s. It was dried at 120
°C for 20 min. The ITO substrates coated with a hole-collection layer
were then transferred into a glovebox filled with dried nitrogen gas.
The active layer was prepared by spin-coating an o-DCB solution
consisting of 20 g L−1 P3HT and 20 g L−1 PCBM at 600 rpm for 60 s.
The P3HT:PCBM film was put in a covered Petri dish at room
temperature, it dried after 60 min. The active layer had a thickness of
around 200 nm. Finally, a 40 nm calcium layer and a 120 nm
aluminum layer were successively deposited at a evaporating rate of 1.0
and 2−3 Å S−1, respectively. The chamber pressure of the thermal
evaporator was around 1.0 × 10−4 Pa. The PSCs were transferred into
the glovebox and encapsulated with UV-curable epoxy and glass
sheets. The PSCs were taken out for the photovoltaic tests in air. The
active area of each PSC was 0.11 cm2.
Measurement and Characterizations. Photoluminescent spec-

tra were acquired with a Perkin Elmer LS55 fluorescence spectrometer.
UV−vis transmittance spectra were taken with an Agilent Cary 5000
UV−vis−NIR instrument. AFM images were collected using a Veeco
Nano Scope IV Multi-Mode AFM system in tapping mode. XPS and
UPS were acquired with a VG ESCA 220i-XL system. The UV source
was a He discharge lamp with a photon energy of 21.22 eV. The J−V
curves of PSCs were measured with a computer-programmed Keithley
2420 source meter and a Newport’s Oriel class A solar simulator,
which simulated the AM1.5G sunlight (100 mW cm−2) and certified to
the JIS C 8912 standard. The light source was also calibrated with a
standard silicon photodiode (Hamamatsu S1133).
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