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G
raphene as an allotrope of carbon
constituted with two-dimensional
sp2-hybridized carbon atoms has

been attracting considerable attention since
its discovery in 2004 by Geim and co-
workers.1 The exceptional electronic, optical,
mechanical and thermal properties of gra-
phene, featured by the high carrier mobility
at room temperature (∼15000 cm2 V�1 s�1),2

unusual quantum Hall effect,3 good optical
transparency (∼97.7%),4 large theoretical spe-
cific surface area (2630m2g�1),5 highYoung's
modulus (∼1 TPa),6 and excellent thermal
conductivity (3000�5000 W m�1 K�1),7 have
promised its versatile potential applications
in, e.g., organic solar cells,8,9 field-effect
transistors,10 and supercapacitors.5 In specific,
the applications of pristine and functionalized

graphenes in bulk heterojunction polymer
solar cells (BHJ-PSCs) have been extensively
reported in recent years, for which graphenes
were applied with different functions.8,11�18

Because of the excellent conductivity, good
flexibility, and transparency, graphenes were
primarily used as transparent electrodemate-
rials aiming to replace the commonly used
indium tin oxide (ITO) electrode which suffers
from several problems such as high cost, the
limited source of indium on earth etc.13�15

Alternatively, in a few reports, functionalized
graphenes have been used as electron accep-
tor materials in active layer due to its higher
electron mobility than fullerene derivatives,
large surface area for donor/acceptor inter-
faces and continuous pathway for the electron
transfer as a result of the two-dimensional

* Address correspondence to
sfyang@ustc.edu.cn.

Received for review January 14, 2013
and accepted April 15, 2013.

Published online
10.1021/nn4001963

ABSTRACT A new graphene�fullerene composite (rGO-pyrene-PCBM), in

which [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was attached onto

reduced graphene oxide (rGO) via the noncovalent functionalization approach,

was reported. The pyrene-PCBM moiety was synthesized via a facile

esterification reaction, and pyrene was used as an anchoring bridge to link

rGO and PCBM components. FTIR, UV�vis, and XPS spectroscopic character-

izations were carried out to confirm the hybrid structure of rGO-pyrene-PCBM,

and the composite formation is found to improve greatly the dispersity of rGO

in DMF. The geometric configuration of rGO-pyrene-PCBM was studied by

Raman, SEM, and AFM analyses, suggesting that the C60 moiety is far from the graphene sheet and is bridged with the graphene sheet via the pyrene

anchor. Finally rGO-pyrene-PCBM was successfully applied as electron extraction layer for P3HT:PCBM bulk heterojunction polymer solar cell (BHJ-PSC)

devices, affording a PCE of 3.89%, which is enhanced by ca. 15% compared to that of the reference device without electron extraction layer (3.39%).

Contrarily, the comparative devices incorporating the rGO or pyrene-PCBM component as electron extraction layer showed dramatically decreased PCE,

indicating the importance of composite formation between rGO and pyrene-PCBM components for its electron extraction property.
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structure.17 Furthermore, graphene oxide (GO) was
also demonstrated to function as an interface layer
material for hole transport in order to replace the
commonly used poly(3,4-ethylendedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) which is acidic
and, owing to its hygroscopicity, might damage the
ITO electrode.16 Note that, for the latter application, GO
and reduced graphene oxide (rGO) generally acted as
hole transport layer, while up to now, the application of
GO or rGO as electron extraction layer, which is as
important as the hole transport layer in BHJ-PSCs,8 has
been rarely reported. To the best of our knowledge,
only recently Dai et al. successfully enabled a function-
alized graphene as an excellent electron extraction
layer, which was a cesium-neutralized graphene oxide
(GO-Cs) synthesized from the simple charge neutrali-
zation of the periphery �COOH groups of GO with
Cs2CO3. Interestingly, in both normal and inverted BHJ-
PSC devices, GO-Cs and the pristine GO acted as the
excellent electron extraction and hole transport layer,
respectively; accordingly, an ambipolar transporting prop-
erty of graphene was demonstrated.18 Therefore, the
application of functionalized graphene as an electron
extraction layer of BHJ-PSCs appearsquite challengingyet.
To harness the fascinating properties of graphene

toward versatile applications, it is desirable to incorpo-
rate graphene with other functional materials in com-
posite forms rather than the randommixtures.8,13,19�25

So far a wealth of graphene-based composites have
been constructed via both covalent and noncovalent
functionalization approaches, which are based on
compositions of graphene with polymers,21 inorganic
nanostructures,22 large aromatic molecules,23 carbon
nanotubes (CNTs),24 fullerenes,25�28 etc. In particular,
graphene�fullerene composites as the hybrid archi-
tectures of two allotropes of carbon with two- and
zero-dimensions, respectively, have been constructed
in few reports, which may combine the strong electron-
accepting ability of fullerene and excellent charge trans-
port property of graphene and hold great potential in
the conceptually new all-carbon solar cells.24�30 Chen
et al. synthesized two types of graphene�fullerene
composites via the covalent functionalizations of GO
with pyrrolidine fullerene or fullerenol, for which the
latter one exhibited enhanced nonlinear optical perfor-
mance compared to the individual components.27,31

Note that, in these studies, fullerenes were grafted only
on the edge of graphene and thus the attached full-
erenes may not be able to facilitate the exfoliation of
graphene sheets. Wang et al. synthesized a new gra-
phene�fullerene composite in which fullerene was
intercalated with GO via the Fisher esterification be-
tween the hydroxyl groups in graphite oxide and the
carboxyl groups in fullerenoacetic acid; in this way,
fullerene moieties were grafted on both sides of gra-
phene and helped to exfoliate graphene sheets.26 More
recently, Dai et al. synthesized C60-grafted graphene

nanosheets by covalently attaching monosubstituted
C60 onto graphene sheets via a lithiation reaction, which
was applied as the electron acceptor material in poly(3-
hexylthiophene-2,5-diyl) (P3HT)-based BHJ-PSCs. The
C60-grafted graphene:P3HT device exhibited the best
power conversion efficiency (PCE) of 1.22%, which is
much higher than those of C60/graphene mixture:P3HT
andC60:P3HTdevices.

32Despite such success on synthe-
sizing different graphene�fullerene composites via cova-
lent functionalization approach, so far there has been few
reports on noncovalent functionalization of graphene by
fullerene, which is however beneficial to maintain the
integrity of sp2-hybridized carbon network and conse-
quently the outstanding conductivity of graphene.
In this paper, we report the preparation of a new

graphene�fullerene composite in which [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) as the most com-
monly used acceptormaterial in the state-of-art BHJ-PSCs
was attached onto rGO via the noncovalent functionali-
zation approach for the first time. Pyrenewas used as the
anchoring group for linking PCBM and rGO components,
and the attached PCBM moiety is beneficial for prohibit-
ing the restackingofgraphene sheets. Theas-synthesized
graphene�fullerene composite was applied in P3HT:
PCBM BHJ-PSC devices as electron extraction layer, and
its effect on the device performance of P3HT:PCBM BHJ-
PSCs is investigated in detail.

RESULTS AND DISCUSSION

Synthesis and Characterization of rGO-Pyrene-PCBM. The
synthesis route of rGO-pyrene-PCBM is illustrated in
Scheme 1. As the first step, the pendant pyrene-PCBM
was synthesized via the facile esterification reaction of
PCBA (step (i)), which was obtained from the acidifica-
tion of PCBM.33�35 The chemical structure of pyrene-
PCBM was determined by 1H NMR spectroscopic
analysis (see Supporting Information Figure S1), the
appearance of strong signals of pyrene moiety con-
firms the successful integration of pyrene onto PCBM
via the esterification reaction, which has been demon-
strated to be one of the most efficient methods for the
ester formation with high conversion rate owing to the
catalytic ability of DMAP.36

The pyrenemoiety has been demonstrated in numer-
ous reports to have strong affinity with the basal plane of
graphite via π�π stacking as shown in versatile non-
covalent composites of graphene�pyrene, and carbon
nanotube (CNT)�graphene;23,37,38 thus, pyrene was cho-
sen as the anchoring group for linking PCBM and rGO
components in our present work. The synthesis of rGO-
pyrene-PCBM was accomplished by simply introducing
pyrene-PCBM during the preparation of rGO39,40 via the
reduction of GO (Scheme 1, step (ii)), and the resultant
products were characterized by several spectroscopic
methods so as to ascertain its hybrid nature. Shown
in Figure 1 is the FTIR spectrum of rGO-pyrene-PCBM
(curve a) in comparison with those of GO, rGO, and
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pyrene-PCBM components (curves b�d). Clearly, the
vibrational bands correlatedwith the oxidation groups of
GO raised from the epoxy (1050 cm�1), hydroxyl (C�OH,
1083 and 1396 cm�1), and carboxyl (1720 cm�1)
groups26,27,41,42 became much weaker or even disap-
peared in rGO, while the vibrational peak at 1626 cm�1

assigned to the skeletal vibration of graphitic domains of
GO largely remained in the FTIR spectrum of rGO. These
results indicate the successful reduction of GO, which is
confirmed further by AFM study below. In the FTIR
spectrum of rGO-pyrene-PCBM, the characteristic vibra-
tional band of rGO (1655 cm�1) correlated with the
skeletal vibration of graphite domains is clearly observed
with a slight shift. Iinterestingly those vibrational bands
correlated with the oxidation groups of GO are also
observed in the spectrum of rGO-pyrene-PCBM with
some shifts, suggesting that the extent of reduction of
GO for rGO-pyrene-PCBM is lower than that for the
unmodified rGO. This indicates the influence of pyrene-
PCBM on the reduction of GOby hydrazine. On the other

hand, the characteristic vibrational bands at 2851 and
2923 cm�1 of pyrene-PCBM, which correspond to the
symmetric and asymmetric stretching vibrations of the
alky groups, respectively, are obviously presented in the
spectrum of rGO-pyrene-PCBM as well, confirming
the existence of the pyrene-PCBM component within
rGO-pyrene-PCBM. However, whether the two compo-
nents of rGO and pyrene-PCBM exist in the form of
physical mixture or composite cannot be deduced from
FTIR characterization; thus, further spectroscopic charac-
terization is needed.

Figure 2 presents the UV�vis spectra of rGO-pyrene-
PCBM, rGO and pyrene-PCBM. Evidently, the two in-
tense absorption peaks with absorption maxima at 332
and 346 nm as the characteristic absorption peaks of
pyrene-PCBM are observed in the spectrum of rGO-
pyrene-PCBMwith slight blue-shifts (2�3 nm). Likewise,

Scheme 1. Synthetic routes of rGO-pyrene-PCBM. (i) DCC and DMAP, CS2:CH2Cl2 (1:1 v/v); rt.; (ii) hydrazine and ammonia,
DMF; 95 �C

Figure 1. FTIR spectra of rGO-pyrene-PCBM (a), GO (b), rGO
(c), and pyrene-PCBM (d). Figure 2. UV�vis spectra of rGO-pyrene-PCBM (a), rGO (b),

and pyrene-PCBM (c). The insets show the enlarged spectral
range of 230�450 nm and the pictures of rGO and rGO-
pyrene-PCBM dispersions in DMF before and after standing
for 12 months.
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the characteristic absorption peak of rGO at 261 nm is
preserved in the spectrum of rGO-pyrene-PCBM as well,
which experiences however an obvious red-shift and
exhibits a doublet absorption feature with two maxima
at 267 and 273 nm. The energy shifts of the characteristic
absorption peaks of both rGO and pyrene-PCBM con-
firm that these two components exist in the composite
form, otherwise a simple superposition of the absorption
features of both componentswouldbeexpected for their
physical mixture. Considering that the pyrene and C60
moieties within pyrene-PCBM are both aromatic sys-
tems rich of π electrons, the shifts of the characteristic
absorption peaks of rGO and pyrene-PCBM can be
understood as the result of theπ�π stacking interactions
between the graphene sheet with both pyrene and C60
moieties of pyrene-PCBM. Benefited from such intramo-
lecular π�π stacking interactions between the graphene
sheet and pyrene-PCBM, the dispersity of rGO-pyrene-
PCBM in DMF is greatly improved compared to the
pristine rGO; as a result, the original rGO-pyrene-PCBM
dispersion in DMF was a stable black supernatant. After
standing for 12 months, the stable black supernatant of
rGO-pyrene-PCBM remained unchanged (see inset of
Figure 2). To test further the stability of the rGO-pyrene-
PCBM supernatant, a 3 min centrifugation at 9000 rpm
was carried out, and only a minute quantity of black
precipitate was observed while a black homogeneous
supernatant was retained, indicating the good stability of
rGO-pyrene-PCBM dispersion in DMF.

The hybrid structure of rGO-pyrene-PCBM was
further confirmed by XPS study. Figure 3 shows the
C1s XPS spectrumof rGO-pyrene-PCBM in comparison
with that of rGO, and their characteristic binding
energy data were summarized in Supporting Informa-
tion Table S1, which includes the assignments of C�C
(sp2 carbon), C�O (epoxy), CdO, and O�CdO groups
to the signal peaks with binding energy at 284.6, 286.0,
287.6, and 289.0 eV, respectively.43,44 According to the
comparison of the relative intensity of different carbon
signals, clearly the intensity of the O�CdO signal
(289.0 eV) of rGO, which is correlated with the carboxyl
groups on the edge of graphene sheets and cannot be
completely removed by the hydrazine reductant, is
obviously weakened in rGO-pyrene-PCBM. On the
contrary, the relative intensity of C�C (284.6 eV)
signal increases dramatically in rGO-pyrene-PCBM
(see Table S1). The increase of C�C signal is under-
standable because sp2 carbon is the only construction
unit of C60 and pyrene moieties within pyrene-PCBM.
Hence, these results confirm once more the successful
attachment of pyrene-PCBM moiety onto rGO.

Intramolecular Interaction and Geometric Configuration, and
Film Morphology of rGO-Pyrene-PCBM. Given that the intra-
molecular π�π stacking interactions exist within rGO-
pyrene-PCBM composite while both pyrene and C60
moieties are aromatic systems rich of π electrons, it is
interesting to elucidate the geometric configuration of

rGO-pyrene-PCBM in terms of the spatial orientation
of C60 moiety. Two different possible configurations of
rGO-pyrene-PCBM were proposed in Scheme 2, with
the discrepancy on the orientation of C60 moiety
(attaching onto (I) or being far from (II) the graphene
sheet). In both configurations, the pyrene moiety is
presumed to attach onto the graphene sheet as an
anchor to bridge the C60 moiety and graphene sheet,
which is crucial for the composite formation.

Because of the sensitivity to the electronic structure of
carbonnanomaterials, Ramanspectroscopyprovidesvalu-
able information for graphene characterization specifi-
cally the chemically functionalized graphene.45 Figure 4
illustrates the comparison of Raman spectra of rGO-
pyrene-PCBM, GO, rGO and pyrene-PCBM. There are
two prominent Raman scattering peaks at 1356 and
1608 cm�1, which are well-documented to correspond
to D and G bands, respectively.46,47 Clearly, the D/G
intensity ratio of rGO is higher than that for GO, and this
is in good agreement with the literature reports and
interpreted as the result of the restoration of sp2-hybri-
dized carbon during the reduction reaction.47,48 In rGO-
pyrene-PCBM composite, bothD andGbands of rGO are
dramatically broadened with the superposition of the
characteristic peaks from the pyrene-PCBM component.
For the D band of rGO-pyrene-PCBM, the Raman scatter-
ing peaks at 1427 and 1463 cm�1 observed in pyrene-
PCBM appear as the shoulder peak of the intense D band
of rGO, which keeps almost unshifted compared to that of
the pristine rGO. Similarly, the G band of rGO-pyrene-
PCBM is slightly down-shifted to 1597 cm�1. The down-
shifting of the G band of rGO was reported in the co-
mposite comprising reducedgraphene sheets (ReG,which

Figure 3. C1sXPSspectraof rGO (a), and rGO-pyrene-PCBM(b).
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is same to rGO) and large aromatic molecules such as
pyrene-1-sulfonic acid sodium salt (PyS), and was inter-
preted by the change of the concentration of carrier in the
plane of graphene because of the additional charge
carriers brought by dispersant aromaticmolecules, leading
to the Fermi level shift.23 Interestingly, it has been also
reported that the G-band of ReG was upshifted upon
forming the composite with such electron acceptor as
the diasodium salt of 3,4,9,10-perylenetetracarboxylic di-
imidebisbenzenesulfonic acid (PDI).23 Similarly, the charge
transfer between the rGO and pyrene-PCBM should be
responsible for thedownshiftingof theGbandof rGOwith
pyrene-PCBM acting presumably as donor for our case.

Furthermore, thefindingof thedownshiftingof theGband
of rGO resulting fromtheattachmentof thepyrene-PCBM
moiety suggests that very likely the pyrene-PCBMmoiety
attaches to graphene sheet via the pyrene bridge as the
donor group rather than directly attaching onto the
graphene sheet (see configuration (II), Scheme2), because
otherwise thewell-knownstrongelectron-acceptingability
of C60 would inevitably interfere with the charge transfer
between pyrene-PCBM and graphene sheet.

The configuration of rGO-pyrene-PCBM proposed
above was further confirmed by SEM study (Figure 5).
Compared to the surface of the GO film, there seems to
be no significant change on the feature of the rGO film
except the decrease of the size of graphene sheets,
which is due to the fragmentation brought from the
reduction reaction of GO because of the removal of the
oxidation groups of GO by reduction. On the other
hand, in the SEM images of rGO-pyrene-PCBM, the
flakiness of graphene sheets cannot be observed
clearly; instead a continuous film with lots of intercon-
nected spherical particles was found, which is presum-
ably attributed to the aggregation of the C60 moieties.
Thus, such an aggregation feature confirms that the
C60 moieties within pyrene-PCBM are far from the
graphene sheet, otherwise, their direct attachments
onto the graphene sheets would prohibit their aggrega-
tions. Noteworthy, the continuous film structure acces-
sible by rGO-pyrene-PCBM reveals that pyrene-PCBM

Scheme 2. Schematic illustrations of two possible conformations of rGO-pyrene-PCBM with the orientation of C60 moiety
attaching onto (I) or being far from (II) the graphene sheet

Figure 4. Raman spectra of rGO-pyrene-PCBM (a), rGO (b),
GO (c), and pyrene-PCBM (d).
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improves the film formation ability of graphene sheets,
which endues the potential application of rGO-pyrene-
PCBM composite in, e.g., polymer solar cells as de-
scribed in details below.

The filmmorphologies of GO, rGO, and rGO-pyrene-
PCBM were then measured by AFM so as to determine
their thickness, for which the films were prepared by
depositing the corresponding dispersions in DMF on
fresh cleaved mica and dried in atmosphere at room
temperature. Figure 6a,d shows that the thickness of GO
was ∼0.9 nm, which is comparable to that reported in
the literature and suggests that the GOwe prepared is a
single-layer graphene sheet.23,49 Upon the reduction
from GO to rGO, the thickness of rGO decreases slightly
to 0.6�0.8 nm as observed in Figure 6b,e. This indicates
the removal of the oxidation groups of GO and confirms
once more the successful reduction of GO. Interestingly,
after the attachment of pyrene-PCBMmoiety, the thick-
ness of rGO-pyrene-PCBM composite increases drama-
tically up to ∼3.0 nm, suggesting that pyrene-PCBM
moieties attached to both sides of a single layer of the
graphene sheet (see configuration (II), Scheme 2), thus,
prohibiting the exfoliated single-layer graphene sheets
from restacking.

Combining with the above Raman, SEM and AFM
results, the geometric configuration of rGO-pyrene-
PCBM can be elucidated as conformation (II) in Scheme 2,
inwhich theC60moiety is far fromthegraphene sheet and
is bridgedwith the graphene sheet via the pyrene anchor.

Effect of rGO-pyrene-PCBM on the Performance of P3HT:PCBM
BHJ-PSC Devices. As mentioned above, in previous re-
ports, the applications of graphene in BHJ-PSCs were
primarily focused on using graphenes as transparent
electrode or electron acceptor materials.8,11�14,17 In
few reports, GO and rGO were also applied as interface
layer materials, which typically function as hole trans-
port layer, whereas the application of GO or rGO as
electron extraction layer materials for improving the

efficiency of negative charge collection and extraction
was very limited.8,12,18 Thus, considering the change
transfer from pyrene-PCBM to rGO deduced from the
Raman study above, we applied rGO-pyrene-PCBM as
electron extraction layer for the most commonly stud-
ied P3HT:PCBM BHJ-PSCs and the device structure
with rGO-pyrene-PCBM composite incorporated is
shown in Scheme 3(I). The current density�voltage
(J�V) curve of ITO/PEDOT:PSS/P3HT:PCBM/rGO-pyrene-
PCBM/Al BHJ-PSC device fabricated at the optimized
spin-coating speed is illustrated in Figure 7, which in-
cludes also those of using the component rGO orpyrene-
PCBM as electron extraction layer for comparison. The
measured parameters (open-circuit voltage (Voc), short-
circuit current (Jsc), fill factor (FF), PCE) are summarized in
Table 1. The reference P3HT:PCBM BHJ-PSC device with-
out any electron extraction layer (ITO/PEDOT:PSS/
P3HT:PCBM/Al, device A) exhibited a PCE of 3.39%,
which is comparable to the reported values with
devices fabricatedunder similar conditions (chlorobenzene
as solvent).15,50�54When rGO-pyrene-PCBMwas incorpo-
rated as an electron extraction layer between the P3HT:
PCBM photoactive layer and Al cathode, the PCE of the
rGO-pyrene-PCBM incorporated device (device B) in-
creases to 3.89%, which has a ca. 15% enhancement
compared to that of reference P3HT:PCBM device. Con-
trarily, when rGO-pyrene-PCBM was substituted by its
component rGO (device C) or pyrene-PCBM (device D),
the obtained PCEs of the corresponding devices are
2.53% and 2.18%, respectively, which are both much
lower than that of the reference P3HT:PCBM device (see
Table 1). Given that the thicknesses of the rGO-pyrene-
PCBM, rGO and pyrene-PCBM electron extraction layers
(7�9 nm as determined by a surface profilometer, see
Supporting Information S3) are quite comparable result-
ing from the identical spin-coating conditions, these
results indicate clearly that only rGO-pyrene-PCBM
composite performs as an efficient electron extraction

Figure 5. SEM images of GO (a and d), rGO (b and e) and rGO-pyrene-PCBM (c and f) with different length scales.
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layer whereas its components rGO or pyrene-PCBM
could not play the same role independently, thus, un-
veiling the importance of composite formation between
rGO and pyrene-PCBM components for its electron
extraction property.

Figure 8 compares each photovoltaic parameter
including Voc, Jsc, and FF, and the factor(s) accounting
for the change of PCE with the incorporation of
different electron extraction layer could be analyzed.
Compared to the reference P3HT:PCBM device (A),
clearly the enhancement of PCE of the rGO-pyrene-
PCBM incorporated device (B) originates from the
increase of both Jsc (by ca. 9%) and FF (by ca. 6%),
while Voc keeps constant. When the pristine rGO was
used as electron extraction layer (device C), Jsc exhibits
a slight change (∼þ2%), whereas both Voc and FF

decrease dramatically, leading to an overall decrease of
PCE by ca. 25%. Upon the incorporation of pyrene-
PCBM (deviceD), both Jsc and FF decrease, resulting in
the dramatic decrease of PCE by up to 36% (see Table 1
and Figure 8). Since Voc is primarily correlated to the
difference between the donor HOMO level and accep-
tor LUMO level,55,56 the decrease in Voc for the case of
rGO incorporation should be due to the mismatching
of their energy level with that of LUMO level of PCBM
acceptor and Al cathode. Note that the drop in Voc is
found only when the pristine rGO was used as electron
extraction layer, indicating that the pristine rGO is not a
suitable electron extraction material for BHJ-PSC and
this explains the reason why it was mainly used as hole
transport material in previous reports.8,16,57

Among the determinative parameters of PCE, it is
well-known that Jsc is dependent on not only the
multiplication of the photo-induced charge carrier
density and the charge carrier mobility within the
active material, but also the interface properties be-
tween the active layers and the electrodes, while FF is
determined by charge carriers reaching the electrodes
when the built-in field is lowered toward the open
circuit voltage.58 Thus, the concurrent increase of both

Figure 6. AFM images and the section analysis of GO (a and d), rGO (b and e) and rGO-pyrene-PCBM (c and f).

Figure 7. J�V curves of the P3HT:PCBM BHJ-PSCs without
(A) and with different electron extraction layers of rGO-
pyrene-PCBM (B), rGO (C), and pyrene-PCBM (D). The de-
vices were thermally annealed and the measurements were
carried out under AM 1.5 illumination at an irradiation
intensity of 100 mW 3 cm

�2.

TABLE 1. Device Performances of P3HT:PCBM BHJ-PSCs

with andwithout ElectronExtractionLayers after Thermal

Annealing

electron extraction layer Voc (V) Jsc (mA/cm
2) FF (%) PCE (%) ΔPCEa

Device A w/o 0.64 9.05 58.4 3.39 --
Device B rGO-pyrene-PCBM 0.64 9.78 62.0 3.89 15%
Device C rGO 0.55 9.07 50.7 2.53 �25%
Device D pyrene-PCBM 0.64 7.86 43.5 2.18 �36%

aΔPCE is the enhancement of PCE relative to the reference P3HT:PCBM BHJ-PSCs.
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Jsc and FF observed for the rGO-pyrene-PCBM incor-
porated device is believed to result from the improve-
ment of the P3HT:PCBM photoactive layer/Al electrode
interface, for which it is known that there is a significant
energy level offset (0.3 eV) between the work function
of Al (4.3 eV) and the LUMO level of the PCBM acceptor
(4.0 eV) resulting in the unfavorable electron extraction
(see Scheme 3(II)).51�53,59 To facilitate the electron
extraction from the active layer to the cathode elec-
trode, preferably the work function of the cathode
should be aligned with the LUMO level of the acceptor
so as to formOhmic contact. Contrary to rGOwhich has
the mismatching on energy level with that of the
LUMO level of PCBM acceptor and Al cathode as
revealed by the decrease of Voc, the attachment of

pyrene-PCBM onto rGO within the rGO-pyrene-
PCBM composite leads to the charge transfer from
pyrene-PCBM to rGO as deduced from the Raman
study above, and as a result, the work function of rGO-
pyrene-PCBM composite has presumably a better
matching with the LUMO level of PCBM acceptor,
and the rGO-pyrene-PCBM modified Al cathode can
form an Ohmic contact with the P3HT:PCBM active
layer for efficient electron extraction.60,61 A similar
interpretation was proposed by Dai et al. for the first
application of a cesium-neutralized GO (GO-Cs) as an
efficient electron extraction layer for both normal and
inverted P3HT:PCBM BHJ-PSCs.18 Such an assumption
was experimentally confirmed by the estimation of work
functions of different electron extractionmaterials which

Scheme 3. The schematic architecture (I) and energy level diagram (II) of ITO/PEDOT:PSS/P3HT:PCBM/rGO-pyrene-PCBM/Al
BHJ-PSCdevicewith the incorporationof rGO-pyrene-PCBMelectron extraction layer. The thickness of each layerwas given in
the left panel

Figure 8. Enhancement ratio of the photovoltaic parameters of P3HT:PCBMBHJ-PSCswith different electron extraction layers
of rGO-pyrene-PCBM, rGO, and pyrene-PCBM.
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were calculated from the surface potentials measured by
Scanning Kelvin probe microscopy (SKPM).62,63 Taking
�4.5 eV as the work function of HOPG used as
reference,62,63 the work functions of rGO-pyrene-PCBM,
rGO, and pyrene-PCBM are estimated to be �4.4, �4.6,
and �4.2 eV, respectively (see Supporting Information
S4). Clearly, the work function of rGO-pyrene-PCBM
(�4.4 eV), which is between the rGO and pyrene-PCBM
components, shows the bestmatchingwith that of P3HT:
PCBM reference (see Scheme 3(II)), thus, leading to the
obvious enhancement of PCE. Contrarily, since the work
function of rGO is too high (�4.6 eV), its incorporation
as electron extraction layer resulted in the much lower
Voc (0.55 V) and consequently lowered PCE. For the
case of using pyrene-PCBM as electron extraction layer,
although its work function (�4.2 eV) has a reasonable
matching with that of P3HT:PCBM reference as well, the
strong electron-donating ability of the pyrene moiety
might prohibit the electron extraction as suggested by
the decrease of both Jsc and FF (see Table 1).

It should be noted that, since rGO-pyrene-PCBM
represents the first graphene�PCBM composite, an-
other intuitive idea is to use rGO-pyrene-PCBM in the
active layer in the way of either substituting PCBM or
doping in P3HT:PCBM layer. Because the low solubility
of rGO in those organic solvents such as chlorobenzene
and chloroform, which are commonly used to dissolve
P3HT and PCBMactive layermaterials used in the state-
of-art BHJ-PSCs,64 is largely preserved in rGO-pyrene-
PCBM composite, it seems quite difficult to completely
substitute PCBM with rGO-pyrene-PCBM as the new
acceptor material due to the demand of the relatively
high concentration of the active layer solution for
fabricating film by spin-coating. Therefore, alterna-
tively, rGO-pyrene-PCBM composite was dispersed
in chlorobenzene and doped into the P3HT:PCBM
active layerwith a relatively lowdoping ratio (∼1wt%),
and the PCE of the device doped by rGO-pyrene-
PCBM is quite comparable to that of reference without
doping (see Supporting Information Figure S4 and
Table S3 for the comparison of the J�V curve and
photovoltaic parameters). Doping rGO-pyrene-PCBM
composite into P3HT:PCBM active layer with a ratio

higher than 1 wt % led to inhomogeous active layer
film because the aggregation size of rGO-pyrene-
PCBM composite dispersed in chlorobenzene was
too large upon overdoping. These results indicate that
rGO-pyrene-PCBM doped in the P3HT:PCBM active
layer has little influence on the performance of BHJ-
PSCs presumably owing to the relatively low doping
ratio, thus, confirming that rGO-pyrene-PCBM prefer-
ably functions as an efficient electron extraction ma-
terial in BHJ-PSCs.

CONCLUSION

In summary, for the first time, PCBM as the most
commonly used acceptor material in BHJ-PSCs was
attached onto rGO via the noncovalent functionaliza-
tion approach with pyrene used as an anchoring
bridge, affording a new graphene�fullerene compos-
ite rGO-pyrene-PCBM. The hybrid structure of rGO-
pyrene-PCBM was confirmed by various spectro-
scopic characterizations including FTIR, UV�vis, and
XPS. Compared to the pristine rGO, the dispersity of
rGO-pyrene-PCBM in DMF was greatly improved be-
cause of the intramolecular π�π stacking interactions
between the graphene sheet and pyrene-PCBM. On
the basis of Raman, SEM, and AFM studies, the geo-
metric configuration of rGO-pyrene-PCBM was pro-
posed where the C60 moiety is far from the graphene
sheet and is bridged with the graphene sheet via the
pyrene anchor. Raman study suggested further that a
charge transfer from pyrene-PCBM to rGO takes place
for rGO-pyrene-PCBM. Finally, rGO-pyrene-PCBM
was successfully applied as an electron extraction
material for P3HT:PCBM BHJ-PSC devices, leading to
the efficiency enhancement by ca. 15%, whereas using
the rGO or pyrene-PCBM component as electron
extraction layer resulted in dramatic decrease of PCE
instead. These results reveal the importance of com-
posite formation between rGO and pyrene-PCBM
components for its electron extraction property. As
the first graphene�PCBM composite with excellent
electron extraction property, this study paves the
way for constructing new graphene-based composite
toward the application in polymer solar cells.

EXPERIMENTAL SECTION

Materials. Poly (3-hexylthiophene) (P3HT) and (6,6)-phenyl-
C61-butyric acid methyl ester (PCBM) were bought from Lumi-
nescence Technology Corp. and Nichem Fine Technology Co.,
Ltd., respectively. 1-Pyrene butanol, 4-(dimethylamino) pyridine
(DMAP), and nano graphite powder were purchased from
Aldrich, Alfa Aesar, and Aladdin, respectively. The glacial acetic
acid, concentrated sulfuric acid, concentrated hydrochloric acid
(30%), N,N0-dicyclohexylcarbodiimide (DCC), sodiummethylate,
K2S2O8, KMnO4, P2O5, H2O2, aqueous ammonia, and hydrazine
hydrate were purchased from Sinopharm Chemical Reagent Co.
Ltd., China. Poly (3,4-ethylenedioxythiophene):polystyrene sulfonic
acid (PEDOT:PSS, Baytron P) was purchased from SCM Industrial

Chemical Co., Ltd. All the reagents were directly used as received
without further purification unless specially mentioned.

Characterization. 1H NMR spectra were recorded on a Bruker
AV400 NMR instrument using tetramethylsilane (TMS) as an
internal reference. FTIR spectra were recorded on a TENSOR 27
spectrometer (Bruker, Germany) at room temperature by drop-
ping samples onto KBr pellet. UV�vis absorption spectra were
measured on a UV-3600 spectrometer (Shimadzu, Japan) using
a quartz cell of 10 mm layer thickness and 1 nm resolution.
Raman spectra were taken at room temperature with a LAB-
RAM-HR equipment (Jobin Yvon, France) operating at a wave-
length of 514.5 nm as the excitation source, and the samples
were dropped onto silicon substrates and dried into a film.
X-ray photoelectron spectroscopy (XPS) was conducted on an
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ESCALAB 250 (Thermo-VV Scientific) instrument. A JEOL JSM-
7401F instrument (Japan) was used for SEM imaging. The
atomic force microscopy (AFM) images were taken using a
Nanoscope III (Digital Instruments) operating in height mode
by dropping samples on new cleaved mica and dried in atmo-
sphere. Scanning Kelvin probe microscopy (SKPM) measure-
ments were carried out on AFMusing the standard SKPMmode.
A surface profilometer (KLA-Tencor P6)was used tomeasure the
film thickness.

Synthesis. The synthetic route of the newgraphene�fullerene
composite (rGO-pyrene-PCBM) is shown in Scheme 1. The
detailed synthetic procedures are as follow:

Synthesis of [6,6]-Phenyl-C61-butyric Acid 1-Pyrene Butyl Ester
(Pyrene-PCBM). [6, 6]-Phenyl-C61-butyric acid (PCBA) as the
carboxylated PCBM was synthesized according to the literature
method.33�35 Briefly, PCBM (75 mg, 0.082 mmol) was dissolved
in 100 mL of toluene (0.82 mmol 3 L

�1) under heating at 110 �C
with stirring for 2 h, then glacial CH3COOH (50 mL) and diluted
HCl (20 mL) were added. The mixture was stirred and refluxed
for 12 h, and the reaction wasmonitored by TLC (silica/toluene).
All the volatile components were then removed in vacuum and
the residue was transferred into a glass centrifuge bottle and
treated with methanol and toluene to precipitate the product.
The residue was dried in vacuum at 60 �C, affording 50 mg of
PCBA. PCBA (50 mg, 0.056 mmol) was redissolved in a mixture
solvent of CS2 and CH2Cl2 (1:1 v/v). 1-Pyrene butanol (62 mg,
0.23mmol)was added then into themixture, and ultrasonicated
for 3 min to achieve a homogeneous solution. The mixture was
stirred at room temperature with N2 protection for 30min. Then
N,N0-dicyclohexylcarbodiimide (DCC) (14 mg, 0.068 mmol) and
dimethylamino pyridine (DMAP) (2.7mg, 0.022mmol) dissolved
in 3 mL of CH2Cl2 were added into the mixture, stirring for
3 days. During the reaction, the mixture turned clear and then
orchid color. After the reaction, the mixture was concentrated
to 5 mL through N2 blowing, then centrifuged at 9000 rpm for
3 min to precipitate the unreacted PCBA and DCC hydrate
produced during the reaction. The resultant mixture was pur-
ified by column chromatography (CC): SiO2 (100�200 and
200�300 mesh) and dried under vacuum (27.5 mg). 1H NMR
(300MHz, CDCl3) δ (ppm): 8.25 (dd, J= 9.3, 3.7 Hz, 1H), 8.18�8.07
(m, 4H), 8.03�7.94 (m, 3H), 7.88�7.80 (m, 3H), 7.51�7.37 (m,
3H), 4.15 (t, J = 6.3 Hz, 2H), 3.38 (dd, J = 14.9, 7.5 Hz, 2H),
2.93�2.79 (m, 2H), 2.51 (t, J = 7.2 Hz, 2H), 2.22�2.08 (m, 2H),
1.99�1.87 (m, 2H), 1.81 (dt, J = 11.9, 6.3 Hz, 2H).

Preparation of Chemically Reduced Graphene Oxide (rGO) and Graphene�
Fullerene Composite (rGO-Pyrene-PCBM). GOwas synthesized fromnano
graphite powder by a modified Hummers method.39 Chemically
reduced graphene oxide (rGO) was prepared through the mod-
ified method reported by Li and co-workers.40 Briefly, the as-
prepared homogeneous N,N-dimethylformamide (DMF) disper-
sion of GO (2.0 mL, 1.6 mg/mL) was mixed with 14.0 mL of DMF,
50 μL of hydrazine solution (85 wt % in water), and aqueous
ammonia (28wt% inwater, the amount of ammonia solutionwas
monitored by pH = 10) in a three-necked bottle. After vigorously
shaking or stirring for a few minutes, the three-necked bottle was
placed in an oil bath (∼95 �C) for 1 h. After reduction, a homo-
geneous black dispersionwith a small amount of black precipitate
was obtained. The resultant mixture solution was centrifuged at
9000 rpm for 15 min to remove any visible precipitate. The
reserved liquid was further centrifuged at 9000 rpm for 10 min,
and a stable, homogeneous black dispersion of rGO without any
precipitate was obtained. To prepare for the dispersion of graphe-
ne�fullerene composite (rGO-pyrene-PCBM), 2 mL of pyrene-
PCBM solution in DMF (1.6 mg/mL, 1.39 � 10�3 mmol 3 L

�1) was
added into the GO dispersion before the additions of hydrazine
and ammonia, followed by the reduction procedure described
above. A homogeneous dispersion of rGO-pyrene-PCBMwithout
any macroscopic precipitate was achieved and a further centrifu-
gation at 9000 rpm could not yield any precipitate either. Washing
the dispersion of rGO-pyrene-PCBM by toluene and CS2 did not
generate any dissolved fullerene moiety.

BHJ-PSC Device Fabrication and Measurements. Our detailed fab-
rication procedure of the P3HT:PCBM BHJ-PSC devices has been
reported previously.34,50�53 Briefly, the ITO-coated glass sub-
strate (8Ω/0, purchased from Shenzhen Nan Bo Group, China)

was first cleanedwith detergent, then ultrasonicated in acetone
and 2-propanol, and subsequently dried in vacuum at 60 �C
overnight. PEDOT:PSS (Baytron P) layer (∼35 nm thick) was spin-
coated onto the ITO substrate and then annealed at 120 �C for
30 min. The P3HT:PCBM (1:0.8 w/w) blend was dissolved in
chlorobenzene by stirring at 40 �C until all the materials
dissolved, which was spin-coated onto the PEDOT:PSS layer
affording the P3HT:PCBM active layer (∼ 65 nm thick). To
prepare for the device with rGO-pyrene-PCBM incorporated
as electron extraction layer, rGO-pyrene-PCBM was dispersed
in the mixture solution of DMF and 2-propanol with a concen-
tration of ∼0.35 mg/mL, and then spin-coated onto the P3HT:
PCBM active layer at 3000 rpm for 60 s. All of the solution
processing and film preparation were carried out in air atmo-
sphere. The device was then transferred into vacuum chamber
(∼10�5 Torr), and an Al electrode (∼ 100 nm thick) was
deposited on the top of the active layer through a shadow mask
to define the active area of the devices (2 � 5 mm2). Finally,
thermal annealingwas carried out at 150 �C for 10min on a digital
hot plate under a nitrogen atmosphere inside a glovebox.

PCE was measured under simulated AM 1.5 irradiation (100
mW cm�2) using a standard xenon-lamp-based solar simulator
(Oriel Sol 3A), for which the illumination intensity was calibrated
by a monocrystalline silicon reference cell (Oriel P/N 91150 V,
with KG-5 visible color filter) calibrated by the National Renew-
able Energy Laboratory (NREL). The current�voltage (J�V)
characteristics were measured with a Keithley 2400 source
meter. All themeasurements were carried out in air atmosphere
and a mask with well-defined area size of 10.0 mm2 was
attached onto the cell to define the effective area so as to
ensure the accurate measurement. More than 10 devices were
fabricated independently under each experimental condition
and measured to ensure the consistency of the data, and the
average results were used in the following discussions.
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