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technologies, [ 1 ]  in preparing effi cient, fl ex-
ible, transparent, light-weight, large-area, 
and low-cost devices. [ 2–4 ]  To date, power 
conversion effi ciencies (PCE) of BHJ 
OSCs based on polymer and fullerene 
derivatives are around 10% [ 5,6 ]  mainly due 
to advances on the rational design of low-
bandgap polymers, fi ne control of the pho-
toactive layer's nanomorphology and by 
interface engineering. [ 7 ]  However, further 
improvements in the performance of BHJ 
solar cells can be foreseen only if many 
limiting factors, such as insuffi cient light 
absorption, nonoptimized morphologies, 
and low charge carrier mobilities of the 
active layer materials [ 8 ]  will be addressed 
and optimized. 

 The most successful development of 
OSCs over the last decade is based on the 
binary BHJ concept, [ 9 ]  where a polymer 
donor and a fullerene acceptor are blended 
on a nanometer scale. [ 9 ]  The polymer (i.e., 
the donor) should exhibit strong and 

broad absorption band in visible and near infrared regions 
as long as high hole mobility to transport carriers effectively 
toward the anode, while the fullerene (i.e., the acceptor) should 
have higher lowest unoccupied molecular orbital (LUMO) than 
the polymer, coupled with high electron mobility. [ 10 ]  In terms 
of OSC optimization, a simple approach relies on the decrease 
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  1.     Introduction 

 Bulk heterojunction (BHJ) organic solar cells (OSCs) are 
attracting interest for solar energy conversion due to their 
potential advantages, with respect to other photovoltaic (PV) 
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of the recombination of the photogenerated electrons and holes 
through reduction of the energy charge transfer barriers for 
both electrons and holes within the active layer. [ 11 ]  An additional 
challenging and potentially powerful strategy is the addition of 
a third component into the polymer–fullerene binary blend, 
leading to the so-called ternary blend solar cell structure. [ 12 ]  Fol-
lowing this approach, the energy levels of the additive (i.e., the 
third component) should have the proper offset with respect to 
the polymer and the fullerene. Contrary to the tandem OSCs 
with a complex multilayer stack and an additional requirement 
of a robust intermediate layer, [ 13 ]  the ternary OSC is actually a 
single BHJ OSC, where the additive acts as an additional optical 
absorber, providing complementary absorption, [ 14,15 ]  or an effi -
cient exciton dissociation center and charge carrier pathway. [ 16 ]  
So far, ternary OSCs have been successfully realized by either 
mixing fullerenes with two donor polymers [ 17,18 ]  or mixing 
poly(3-hexylthiophene-2,5-diyl) (P3HT) with two different 
fullerene derivatives. [ 19,20 ]  In the fi rst case, the exploitation of 
two donor polymers with different ranges of absorption and 
one fullerene acceptor results in an improvement in the pho-
tocurrent via increased light absorption. [ 21 ]  While in the second 
case, the use of another fullerene derivative, such as indene-
C 60  bisadduct, which plays a bridging role between the polymer 
and the fullerene, increases the PCE by providing more routes 
for charge transfer at the donor/acceptor (D/A) interface. [ 20 ]  In 
this context, an alternative strategy is the incorporation of solu-
tion processable nanostructures, such as functionalized carbon 
nanotubes (CNTs) with high charge carrier mobility, providing 
additional percolation pathway for effi cient exciton dissociation 
and charge transport. [ 22–24 ]  However, their application is prob-
lematic due to lack of control of CNT bandgaps linked to the 
limited chirality controlled growth [ 25–27 ]  and the diffi culty in the 
post-processing sorting of metallic/semiconducting CNTs. [ 28–32 ]  
The excitons in the polymer phase ideally diffuse to the 
polymer–nanotube interface, and the electrons are transferred 
to the CNT, leaving the hole behind. [ 33 ]  However, recombination 
takes place via hole blocking within the tube due to the lack of 
a bandgap. [ 34,35 ]  In this context, a solution processable material, 
which combines the high carrier mobility of CNTs (>10 5  cm 2  
V −1  s −1  at room temperature, RT), [ 36 ]  and with the energy levels 
placed between the polymer and the fullerene ones, is highly 
desirable. 

 Graphene fl akes [ 37 ]  and graphene derivatives [ 38 ]  (e.g., gra-
phene oxide GO  and reduced graphene oxide RGO ) 
showcase several key properties [ 39 ]  that can address emerging 
energy needs in a variety of PV devices. [ 40–42 ]  In particular, 
graphene [ 37 ]  as well as GO [ 43 ]  and RGO [ 38,44 ]  fl akes have been 
exploited as additives in BHJ OSCs to increase their PCE. Jun 
et al. exploited  n -doped RGO ( n -RGO) as the additive material 
in poly(3-hexylthiophene):methanofullerene (P3HT:PCBM) and 
reported a PCE enhancement due to higher charge carriers 
mobility with respect to the P3HT:PCBM device. [ 38 ]  However, 
the RGO and  n -RGO used have a work function of 4.4 and 
4.8 eV respectively, as calculated by ultraviolet photoelectron 
spectroscopy, [ 38 ]  establishing an energetically favorable offset 
between the P3HT or the PCBM and the  n -RGO only for elec-
tron transport. In contrast, the absence of a bandgap makes 
the fl akes to act as recombination centers in the BHJ, since 
an energy band offset is present only for electron transport. 

Therefore,  n -RGO fl akes cannot be considered as an energy-cas-
cade material for ternary OSCs. [ 38 ]  Indeed Jun et al .,  exploiting 
 n -RGO in ternary OSCs, reported a modest increase in the 
photocurrent of the ternary device with respect to the binary 
blend-based one. [ 38 ]  Robaeys et al. used solution-processed gra-
phene fl akes, obtained from the exfoliation of pristine graphite, 
as the additive in P3HT:PCBM OSC. [ 37 ]  It was shown that the 
graphene addition determines the formation of a continuous 
active fi lm with interpenetrating structure by improving the 
crystallinity of the P3HT. [ 37 ]  Nevertheless, similar to the  n -RGO 
case, [ 38 ]  solution-processed graphene fl akes cannot be consid-
ered as an energy-cascade component in a ternary BHJ solar 
cell due to lack of a bandgap, and thus energy level matching. [ 37 ]  
Contrary, solution-processed graphene fl akes can be considered 
as an additive to improve the crystallization and morphology 
of P3HT as well as the charge transport properties. [ 37 ]  The 
improvement of charge transport properties, with respect to the 
standard P3HT:PCBM OSC, is ascribed to a better balancing 
between electron and hole mobilities due to graphene fl akes 
addition. [ 37 ]  

 Here, we exploit graphene nanofl akes (GNFs) with controlled 
lateral size and functionalized with 3,5-dinitrobenzoyl (EDNB) 
as a ternary compound acting as an effi cient electron-cascade 
acceptor material in combination with poly[ N -9′-heptadecanyl-
2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] 
PCDTBT and [6,6]-phenyl-C71-butyric-acid-methyl-ester 
PC 71 BM (PCDTBT/PC 71 BM) OSC. The idea originates from 
model calculations based on a density functional theory (DFT) 
approach that demonstrate the possibility to tune the GNF elec-
tronic properties in order to open a bandgap, achieving a fi ne 
tuning of both the highest occupied molecular orbital (HOMO) 
and LUMO energy values of the GNFs. The functionalization 
process permits us to tune the HOMO and LUMO levels of 
the GNFs between the HOMOs and the LUMOs of the host 
polymer and fullerene components. The resulting OSC shows 
an increase of 18% in PCE, achieving a value of 6.41%, with 
respect to the binary OSC (PCE = 5.44%). These results open 
a new pathway toward the technological exploitation of OSCs.  

  2.     Results and Discussion 

  2.1.     Theoretical Background 

 The GNF-EDNB model systems considered in our simula-
tions are shown in  Figure    1  . These systems result from a study 
concerning different structural models, as detailed in the Sup-
porting Information. In PV applications, the orbital energies 
can be considered as one of the most indicative parameters, 
since a correct energy matching between the orbitals of the 
donor and the acceptor assures an effi cient electron transport.  

 The electronic properties of the “model GNFs” (M-GNFs) are 
strongly affected by several factors, including the anchor site of 
EDNB (edge vs basal), the number of epoxidic groups and the 
presence of a solvent (here  N , N -dimethylformamide, DMF, see 
the Experimental Section). It should be pointed out that epox-
idic functionalization is a prerequisite necessary to introduce 
larger substituents, [ 45 ]  but we anticipate that a subtle control 
of the number and positions of epoxidic oxygens (EPO) is not 
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possible at the experimental level. Therefore, starting from the 
selected M-GNFs, formed by 61 fused benzenic cycles, a lateral 
chain of EDNB was added on the bare GNF, as well as, up to 
four EPOs randomly placed on the GNF.  Figure    2   reports the 
energies of the HOMO and LUMO, respectively, with respect 
to the GNF functionalization, as well as the corresponding gap. 
The HOMO and LUMO energies of the M-GNFs are computed 
at −5.1 and −2.8 eV, leading to a gap of 2.3 eV. [ 46 ]  The functional-
ization with the EDNB molecule enhances the HOMO–LUMO 
gap of the M-GNFs by 0.41 eV, through an indirect stabiliza-
tion of the HOMO (−0.29 eV) and destabilization of the LUMO 
(+0.09 eV). This effect is in line with previous experimental and 
theoretical results on graphene functionalization. [ 47,48 ]   

 Epoxidic oxygens have, instead, an opposite effect leading to 
a reduction of the HOMO–LUMO gap. Indeed, a decrease of 
about 0.5 eV of the gap is observed upon insertion of three or 
four oxygen atoms into the molecular structure (see Figure  2 ). 
The combination of the two opposite effects leads to a gap 
for the GNF functionalized with one EDNB chain and three 
epoxydic oxygens, due to the destabilization of the HOMO and 

stabilization of the LUMO with respect to GNF, as it appears 
from the data reported in Figure  2 . However, the obtained value 
is close to that of the pristine GNF (2.2 vs 2.3 eV, respectively). 
The presence of the solvent induces an energetic stabilization 
that is similar for both HOMO and LUMO (about −0.15 eV), 
which are computed at −5.5 and −3.3 eV, respectively. These 
two values have to be considered as our best estimate of the two 
orbital energies. Thus, our computations show that GNF func-
tionalization leads to an energy stabilization of both HOMO 
and LUMO orbitals, thus predicting a better energy levels match 
with the frontier orbitals of the two other components of the 
cells, namely PCDTBT and PC 71 BM. Indeed the experimental 
HOMO energy of PCDTBT is around −5.3 eV, [ 49 ]  slightly higher 
in energy than the computed value of GNF-EDNB (−5.5 eV). 
The experimental LUMO is around −3.3 eV, [ 49 ]  matching our 
theoretical value for the functionalized GNF (which could be 
overestimated by the DFT calculation). On the other hand, the 
HOMO/LUMO levels of PC 71 BM (estimated at −5.8 and −4.0 
eV at experimental level [ 49 ]  are both lower in energy than the 
corresponding orbitals of GNF-EDNB. Thus, our calculations 
predict a favorable energy alignment for the three components 
of the cells and well illustrate how the on-demand tuning, by 
chemical functionalization, of the GNF electronic properties is 
a promising route for the optimization of PV devices.  

  2.2.     Experimental Results 

 Graphene nanofl akes in the form of an ink were prepared dis-
persing graphite fl akes in  N -methyl-2-pyrrolidone (NMP). The 
choice of graphite exfoliation in NMP is set by the need of a 
subsequent functionalization of the graphene fl akes, which, for 
example, could be affected by the presence of surfactant mol-
ecules in aqueous solutions. [ 50,51 ]  The initial dispersion was 
then ultrasonicated for 6 h. During the ultrasonication process, 
the strong hydrodynamic shear force, created by the propaga-
tion of cavitons, [ 52 ]  i.e., the creation and subsequent collapse 
of bubbles or voids in liquids due to pressure fl uctuations, [ 52 ]  

induces exfoliation of the graphitic fl akes. [ 53 ]  
However, the exfoliation process produces a 
heterogeneous dispersion of thin/thick and 
small/large graphitic fl akes. [ 54 ]  After exfolia-
tion, the solvent–graphene interaction needs 
to balance the interfl akes attractive forces 
that cause reaggregation. [ 53,54 ]  The obtained 
dispersion was subsequently ultracentrifuged 
exploiting the sedimentation-based separa-
tion (SBS) to sort small lateral size (≈100 nm) 
GNFs. [ 50,55 ]  

 We used optical absorption spectroscopy 
(OAS) in order to evaluate the concentration 
of graphitic material in the ink.  Figure    3  a 
plots the OAS of the ink prepared via SBS. 
The UV absorption peak at ≈266 nm is attrib-
uted to inter-band electronic transitions from 
the unoccupied π* states at the M point of 
the Brillouin zone. [ 56,57 ]  The asymmetry of 
the UV peak, with a high-wavelength tail, is 
attributed to excitonic effects. [ 57,58 ]  Using the 
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 Figure 1.    Structure of the two M-GNFs considered, with the EDNB ligand 
in a) the periphery and b) the center of the molecular structure. Red and 
blue dots are oxygen and nitrogen atoms, respectively.

 Figure 2.    Frontier orbital energies and HOMO/LUMO gap for the considered M-GNFs. cEDNB 
refers to system with central EDNB and s stands for solvent.
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experimentally derived absorption coeffi cient of 1390 L g −1  m −1  
at 660 nm [ 53,81 ]  we estimate a concentration of graphitic mate-
rial in the ink of ≈54 mg L −1 .  

 Figure  3 b plots a low-resolution transmission electron 
microscopy (TEM) bright fi eld image revealing a large quan-
tity of graphene fl akes deposited on the TEM grid. The fl akes 
have lateral size dimensions mostly in the range ≈30–150 nm. 
Electron diffraction pattern, shown in the inset of Figure  3 b, 
collected on fl ake aggregates shows polycrystalline rings dem-
onstrating that the fl akes are crystalline. All the rings can be 
indexed as  h ,  k , − h  − k , 0 refl ections of an hexagonal lattice with 
 a  = 0.244(1) nm, in agreement with the graphene structure. [ 59 ]  

 Figure  3 c plots a typical Raman spectrum of the fl akes 
deposited on Si/SiO 2 . Raman spectroscopy is a fast and non-
destructive technique to identify number of layers, doping, 
defects, disorder, chemical modifi cations, and edges of gra-
phitic fl akes. [ 60,61 ]  In a typical Raman spectrum of graphene, 
the G peak corresponds to the  E  2g  phonon at the Brillouin 
zone center. [ 61 ]  The D peak is due to the breathing modes of 
sp 2  rings and requires a defect for its activation by double reso-
nance. [ 60–63 ]  The 2D peak is the second order of the D peak. [ 62 ]  
This is a single peak in monolayer graphene, whereas it splits 
in multilayer graphene, refl ecting the evolution of the band 
structure. [ 62 ]  The 2D peak is always seen, even when no D peak 
is present, since no defects are required for the activation of two 
phonons with the same momentum, one backscattered from 

the other. [ 62 ]  Double resonance can also happen as intravalley 
process, i.e., connecting two points belonging to the same cone 
around K or K’. [ 62 ]  This process gives rise to the D’ peak. The 
2D’ is the second order of the D’. [ 61 ]  

 Statistical analysis, carried out on more than 30 measure-
ments, of the micro-Raman spectra (see Figure S6 in the Sup-
porting Information for more details) shows that the position 
of the 2D peak (Pos(2D)) is peaked at ≈2691 cm −1 , while the 
full-width at half-maximum (FWHM) (2D) ranges from 60 to 
95 cm −1  with a peak at ≈72 cm −1 , while  I (2D)/ I (G) varies from 
0.65 to 1.1. This is consistent with the samples being a com-
bination of single layer (SLG) and few-layer graphene (FLG) 
fl akes. The Raman spectrum shows (Figure  3 c) signifi cant D 
and D’ peaks intensity, with an average intensity ratio  I (D)/ I (G) 
≈1.4, see Figure S6 (Supporting Information). This is attrib-
uted to the edges of our submicrometer fl akes [ 64 ]  rather than 
to the presence of a large amount of structural defects within 
the fl akes. This observation is supported by the lack of a clear 
correlation between  I (D)/ I (G) and FWHM(G) (see Figure  3 d), 
which is an indication that the major contribution to the D 
peak comes from the sample edges. [ 50 ]  

 The schematic illustration of the graphene ink func-
tionalization process to yield GNF-EDNB is depicted in 
 Figure    4  a. Both the initial and functionalized graphene were 
characterized by Fourier transform infrared (FT-IR) spec-
troscopy. Figure  4 b shows the FT-IR spectra of the materials 
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 Figure 3.    Characterization of GNFs ink. a) RT absorption spectrum of the SBS graphene ink. Inset: Photograph of graphene ink. b) Bright-fi eld TEM 
image of graphene fl akes at high magnifi cation. Inset: Electron diffraction pattern collected on an area of 2 µm in diameter. The 10–10 and 11–20 poly-
crystalline diffraction rings of graphene are clearly visible. The rings are formed by strong spots corresponding to the larger fl akes and a background of 
weaker unresolved spots associated with smaller fl akes. c) Raman spectrum measured at 532 nm laser excitation wavelength for a representative fl ake 
obtained via sedimentation-based separation. d)  I (D)/ I (G) as a function of FWHM(G) measured on fl akes deposited on Si/SiO 2 .
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confi rming the successful linkage of nitro moieties to the gra-
phene lattice via amide linkage. More specifi cally, the black line 
in Figure  4 b, corresponding to graphene ink, depicts a broad 
aliphatic peak (C H) at 2924 cm −1 , [ 65 ]  the C O peak (i.e., car-
bonyl moieties) at 1697 cm −1  and the peak at 1625 cm −1  associ-
ated with C C graphitic domains. [ 66 ]  On the other hand, GNF-
EDNB spectrum (red line) exhibits a broad peak at 3420 cm −1  
(N H stretching bond) [ 67 ]  and a broad and weak aliphatic peak 
at 2930 cm −1  (C H stretching). [ 65 ]  The peak at 1710 cm −1  [ 68 ]  cor-
responds to the C O stretching, while the stretching bands 
of C O and C N, attributed to the amide bond, appear at 
1653 cm −1  [ 68,69 ]  and 1254 cm −1 , [ 68 ]  respectively. The band in the 
1000–1200 cm −1  range contains weak peaks of carbonyl (C O) 
groups. [ 70 ]  The peak corresponding to C C stretching of the 
aromatic EDNB ring is also displayed at 1430 cm −1 . Finally, the 
peaks at 1555 and 1375 cm −1  are attributed to the character-
istic of the nitro groups (N O) [ 71 ]  attached to graphene lattice 
of GNF-EDNB. Thus, the FT-IR spectrum of the GNF-EDNB 
sample indicates the successful linkage between the acylated 
GNF ink and dinitrobenzoyl chloride via ethylenediamine.  

 The Raman spectrum of the GNF-EDNB ink (red curve 
in Figure  4 c) shows Pos(G) and Pos(2D) upshifted, ≈3 and 
≈8 cm −1 , respectively, with respect to their counterparts in the 
GNF ink (black curve in Figure  4 c), which could be ascribed 
to doping [ 62 ]  of the GNF due to EDNB linkage. However, the 
2D peak still shows a lineshape distinctly different from that of 
graphite. [ 72 ]  This implies that the fl akes are still either SLG or 
FLG and that the functionalization process does not induced 
aggregation of the fl akes. Moreover, from Raman analysis, and 
in particular from the  I (D)/ I (G) ratio, we can evaluate that there 
are not structural defects on the GNFs following the EDNB 
functionalization process. 

 In order to assess the changes in the electronic bandgap 
resulting from graphene functionalization, cyclic voltam-
metry (CV) measurements (see Figure S7 in the Supporting 

Information) were carried out on GNF-EDNB derivatives pro-
duced at different functionalization times (GNF-EDNB12, 
GNF-EDNB24, GNF-EDNB48, and GNF-EDNB60, prepared 
using functionalization times of 12, 24, 48, and 60 h, respec-
tively). The HOMO and LUMO levels were gathered from their 
respective ionization potentials and electron affi nities, esti-
mated from the fi rst oxidation and reduction onset potentials 
(see Figure S7 in the Supporting Information) according to the 
following formulas: [ 73 ] 

    E E( 5.1)(eV)HOMO [onset,ox vsFc /Fc]= − ++   (1)  

    E E( 5.1)(eV)LUMO [onset,redvsFc /Fc]= − ++   (2)   

  Table    1   summarizes the HOMO–LUMO levels of the four 
different GNF-EDNB derivatives obtained from Equations  ( 1)   
and  ( 2)  . It is observed that the total functionalization time of 
solid acylated graphene ink (GNF-Cl) to GNF-EDNB plays cru-
cial role toward tuning of the GNF bandgap. From the HOMO–
LUMO values reported in Table  1 , the reaction time of 60 h 
appears as the most appropriate in order to get a full reaction of 
the GNF-Cl groups with the amino groups of EDNB, forming 
stable amide bonds (GNF-EDNB) with a wide bandgap. Upon 
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 Figure 4.    a) Schematic illustration of the graphene functionalization process. b) FT-IR spectra of graphene ink (black curve) and graphene-EDNB (red 
curve). The main peaks are indicated in the graphs. c) Raman spectra of graphene ink (black curve) and graphene-EDNB (red curve).

  Table 1.    HOMO and LUMO values for different GNF-EDNB samples as 
measured by CV.  

Sample HOMO 
[eV]

LUMO 
[eV]

GNF-EDNB12 −4.9 −4.4

GNF-EDNB24 −5.2 −4.1

GNF-EDNB48 −5.7 −3.9

GNF-EDNB60 −5.7 −3.9

GNF-EDNB120 −5.7 −3.9
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further increasing of the reaction time (>60 h), no additional 
variation of the electronic bandgap value was observed.  

  Figure    5   displays the energy diagram of the materials used 
for fabricating the OSC as well as the charge generation and 
transfer procedures between the third components of the 
blend. The HOMO and LUMO energy levels of PCDTBT 
and PC 71 BM were taken from the literature. [ 49 ]  The observed 
bandgap opening in the GNF-EDNB60 blend is in line with our 
calculations on model systems reported in Section 2.1 and, as 
already mentioned, can be associated with the chemical modifi -
cation of the graphene fl akes by organic molecules. This effect 
is additionally supported by recent DFT calculations. [ 50 ]   

 In a binary OSC (i.e., PCDTBT:PC 71 BM) the excitons dif-
fuse at the donor material and dissociation occurs at the 
PCDTBT:PC 71 BM interface through electron migration to the 
LUMO of PC 71 BM, see Figure  5 . On the contrary, in the case 
of our ternary OSC, exciton dissociation can occur at both 
PCDTBT:PC 71 BM and PCDTBT:GNF-EDNB interfaces. As can 
be seen from Table  1 , amongst the synthesized GNF-EDNB 
derivatives, the electronic structure of GNF-EDNB60 is the most 
suitable to reach our goal, i.e., increase charge carriers mobility. 

Indeed, the HOMO and LUMO levels of GNF-EDNB60 are 
properly located at −5.7 eV and 3.9 eV respectively, with respect 
to the polymer–fullerene blend, and in good agreement with 
the computed data (−5.5 and −3.3 eV, respectively), reported 
in Section 2.1. The HOMO and LUMO levels of GNF-EDNB60 
are located between the HOMO and the LUMO energy levels 
of PC 71 BM and PCDTBT, respectively. Therefore, a favorable 
energy alignment between the LUMO and HOMO levels ena-
bles GNF-ENBD60 to function as an energy-gradient bridge, so 
that electrons can effi ciently be transported to the cathode and 
holes to the anode through the energetic downhill cascade path-
ways (arrows in Figure  5 ). Thus, in our OSC we foreseen three 
routes (PCDTBT:PC 71 BM, PCDTBT:GNF-EDNB60, and GNF-
EDNB60:PC 71 BM) for charge transfer, contrary to the coun-
terpart binary OSC where only one route for charge transfer 
(PCDTBT:PC 71 BM) is possible. 

  2.2.1.     Charge Transfer Processes 

 To get a more accurate insight into the infl uence of GNF-
EDNB blend into the charge transfer process in the air assem-
bled OSC, hole-only and electron-only cells were fabricated in 
order to calculate the hole and electron mobility, respectively. 
Measurements were based on space charge limited current 
method. [ 74 ]  Hole-only cells and electron-only cells were fabri-
cates using the architecture indium tin oxide (ITO)/poly(3,4-eth
ylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/
PCDTBT:GNF-EDNB60:PC 71 BM/Au for holes and ITO/Al/
PCDTBT:GNF-EDNB60:PC 71 BM/Al for electrons, respectively. 
The evaluation of the charge carrier mobilities was based on the 
Mott–Gurney equation: [ 75 ] 

    J V V d9/8 ( )/SCLC r 0 bi
3ε ε μ= −   (3) 

 where  ε  r  is the relative dielectric constant,  ε  0  is the permittivity 
of free space,  µ  is the charge carrier mobility,  V  is the applied 
voltage,  V  bi  is the built-in potential, and  d  is the thickness of the 
active layer. 

  Figure    6  a,b illustrates the  J – V  characteristics under dark con-
ditions for hole-only and electron-only cells, respectively. Con-
trol device (black line) refers to a OSC with the binary blend 
PCDTBT:PC 71 BM, while “GNF-EDNB” (red line) refers to a cell 
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 Figure 5.    Energy level diagram of a ternary OSC clearly illustrating the 
cascade charge transport, where the PCDTBT:PC 71 BM is employed as the 
host system and the GNF-EDNB60 as an electron-cascade acceptor. The 
values of the HOMO–LUMO energy levels correspond to GNF-EDNB60 
(see Table  1 ).

 Figure 6.    Representative  J – V  characteristics under dark conditions for a) hole-only and b) electron-only cells with (red curve) and without (black curve) 
GNF-EDNB60.
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based on the ternary blend PCDTBT:GNF-EDNB60:PC 71 BM, 
containing 0.05% by volume of GNF-EDNB60. The  J – V  char-
acteristic shows that while hole mobility was only slightly 
increased from 1.7 × 10 −5  cm 2  V −1  s −1  (for the PCDTBT:PC 71 BM-
based OSC) to 1.8 × 10 −5  cm 2  V −1  s −1  for the ternary blend 
PCDTBT:GNF-EDNB60:PC 71 BM-based OSC (see Figure  6 a), 
the electron mobility has instead shown a signifi cant increase, 
passing from 2.3 × 10 −5  cm 2  V −1  s −1  for the control cell to 5.9 × 
10 −5  cm 2  V −1  s −1  for the PCDTBT:GNF-EDNB60:PC 71 BM-based 
cell. This improvement in electron mobility originates from the 
presence of additional dissociation interfaces (PCDTBT:GNF-
EDNB60), and the existence of additional high conductive path-
ways in the active layer, facilitated by the optimization of the 
energy levels matching and the high electrical conductivity of 
GNFs. [ 55 ]  Although the signifi cant difference in the improve-
ment of the hole and electron mobilities is presently unclear, 
the observed carrier transport enhancement is associated to the 
cascade energy levels in the ternary OSC.  

 To further investigate the cells’ performance, we also meas-
ured the maximum exciton generation rate ( G  max ) and exciton 
dissociation probabilities  P ( E , T ), which is related to the electric 
fi eld ( E ) and temperature ( T ), of our OSCs, see Figure S8 (Sup-
porting Information). The values of  G  max  for the binary and 
GNF-EDNB-based OSCs are 8.11 × 10 27  and 9.04 × 10 27  s −1  cm −3 , 
respectively. The slight increase in  G  max  in the GNF-EDNB60-
based ternary OSC could be ascribed to a slight increase in light 
absorption (Figure S9, Supporting Information) and therefore 
due to the incorporation of GNF-EDNB60 in the active layer. 
Moreover, the  P ( E , T ) also increased from 91% for the control 
OSC to 93% for the GNF-EDNB60-based ternary OSC, indi-
cating a slight decrease in the recombination rate, which conse-
quently improves the OSC fi ll factor (FF) ( Table    2  ).   

  2.2.2.     Solar Cells 

  Figure    7  a shows a schematic representation of a typical sand-
wich structure of ITO/PEDOT:PSS/PCDTBT:PC 71 BM:GNF-
EDNB60/TiO  x  /Al ternary BHJ OSCs. The inner structure of the 
PCDTBT:PC 71 BM:GNF-EDNB blend is also shown.  

 Figure  7 b displays the illuminated  J – V  curves measured 
under one-sun irradiation. We fabricated and measured solar 
cells without any GNF-EDNB (control OSC based on a binary 
PCDTBT:PC 71 BM blend), with 0.05% GNF-EDNB60, 0.10% 
EDNB60, and 0.15% EDNB60 by volume, respectively. The 
control OSC exhibits a  V  OC  ≈ 884 mV, a short circuit current 
density ( J  sc ) ≈ 11.40 mA cm −2  and an FF ≈ 54.2% resulting in a 

total PCE up to ≈5.59%. The presence of GNF-EDNB blend has 
benefi cial infl uence on the PV performances of the fi nal cell. 
At lower concentrations of GNF-EDNB (0.05% and 0.10%) in 
the ternary blend, the solar cells have shown a better PCE per-
formance due to enhancement of all the main fi gures of merit 
(FoM) of the cell, i.e.,  V  oc ,  J  sc , and FF, with respect to the con-
trol OSC, see Table  1 . In particular, the solar cell with 0.05% 
GNF-EDNB60, exhibits the highest  J  sc  value of 12.56 mA cm −2  
with  V  oc  = 896 mV and an FF = 57.1%. These values result to a 
6.59% PCE for the champion solar cell. By increasing the GNF-
EDNB60 concentration (0.10%), the  V  oc  and FF remain stable, 
while the  J  sc  presents a remarking decrease at 11.95 mA cm −2 , 
with respect to the 0.05% GNF-EDNB60-based OSC, resulting 
in a PCE = 6.27%. 

 Further increase of the GNF-EDNB60 concentration (0.15%) 
leads to a deterioration of all the FoM of the OSCs. Table  2  sum-
marizes the average values (taken from ten identical devices, 
consisting of six cells each) of the FoM, together with the 
standard deviations, of OSCs based on PCDTBT:PC 71 BM with 
different GNF-EDNB60 content. The numbers reported in 
parentheses in Table  2  represent the values obtained for the 
champion OSCs. 

 Our results demonstrate that high conductive, [ 55 ]  small lat-
eral size GNFs [ 55 ]  functionalized with EDNB moieties, offer 
new percolation pathways to charge carriers, resulting in an 
increase, with respect to the control cell, of the  J  sc . Beyond a 
threshold concentration, which we estimated around 0.10%, the 
addition of GNF-EDNB60 blend has a negative impact on the 
PV performances, mainly due to a reduction of  J  sc , as reported 
in both Figure  7 b and Table  2 . The worsening of the PV per-
formances can be explained by the fact that an increase of the 
GNF-EDNB60 concentration over 0.10%, further increases the 
electron mobility of the OSCs, resulting in a large imbalance of 
hole and electron mobilities and hence a decrease in PCE. 

 Moreover, we have evaluated the series resistance of the 
binary and the ternary OSCs, estimated to be ≈13.4 and 
≈11.9 Ω cm −2,  respectively (obtained by the inverse slop 
of  J – V  curves at the far forward characteristics where the 
curve becomes linear). The comparison of the series resist-
ance values clearly indicate that GNFs, incorporated into the 
polymer–fullerene blend, contribute to the charge carrier 
transport, offering additional pathways for electron transport. 
Figure  7 c shows the external quantum effi ciency (EQE) spectra 
of the binary and ternary OSCs. It can be seen that the EQE 
enhancement is mainly due to  J  sc  increase. However, the EQE 
enhancement in the 350–420 nm region follows the absorption 
enhancement in this specifi c region (Figure S9, Supporting 
Information), indicating that the GNF-EDNB60 has also a 
slight effect in the absorption enhancement, as was quantifi ed 
in the observed exciton generation rate (Figure S8, Supporting 
Information). The accuracy of the PV measurements were 
checked, by calculating the  J  sc  values of the OSCs from the inte-
gration of the EQE spectra and were fi nd to be similar to the 
ones obtained from the  J – V  curves (error is 2.87%). 

 It should be also noted that any concentration of GNF-
EDNB60 higher than 0.15 wt% results to short circuit, prob-
ably due to the occurrence of local shunts. This undesired 
effect could be linked with the concentration of GNFs in the 
blend that becomes enough to allow a direct bridging with the 
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  Table 2.    Average FoM and standard deviations of OSCs based on 
PCDTBT:PC 71 BM with different GNF-EDNB60 content. The numbers in 
parentheses represent the values obtained for the champion OSC.  

GNF-EDNB60 
 v  [%]

 J  sc  
[mA cm −2 ]

 V  oc  
[mV]

FF 
[%]

PCE 
[%]

0.00 11.40 ± 0.18 884 ± 5 54.2 ± 0.4 5.44 ± 0.15 (5.59)

0.05 12.56 ± 0.35 896 ± 6 57.1 ± 0.5 6.41 ± 0.18 (6.59)

0.10 11.95 ± 0.24 896 ± 6 57.0 ± 0.5 6.10 ± 0.17 (6.27)

0.15 11.17 ± 0.18 889 ± 5 54.4 ± 0.4 5.36 ± 0.15 (5.51)



FU
LL P

A
P
ER

3877wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ITO electrode. Moreover, the favorable energy alignment of 
the GNF-EDNB60 leads to a slight increase of the  V  oc , if com-
pared with the binary OSC, since the LUMO of GNF-EDNB60 
(−3.9 eV) is slightly shifted above the respective LUMO of the 
fullerene (4.3 eV) (Figure  5 ). Finally, the increase of the FF 
of the GNF-EDNB60-based ternary cell with respect to the 
standard binary cell (PCDTBT:PC 71 BM OSCs) could be a direct 
consequence of the higher electron mobility and higher exciton 
dissociation.    

  3.     Conclusions 

 In conclusion, GNF-EDNB was synthesized using graphene 
produced by liquid phase exfoliation of pristine graphite as 
the starting material. GNF-EDNB60 was utilized in combina-
tion with PCDTBT and PCBM, as an electron-cascade acceptor 
material in order to engineer ternary OSCs. Due to the on-
demand tuning of the energy levels, GNF-EDNB60 plays a 
crucial role as a highly conductive bridge between polymer 
chains and fullerene molecules. Its presence offers two inter-
faces for exciton dissociation as well as multiple routes for 
charge transfer at the donor/acceptor interfaces. Compared 
with the binary PCDTBT:PC 71 BM OSCs, the ternary OSCs with 
0.05% GNF-EDNB exhibited higher values of  V  oc , FF, and  J  sc , 
resulting in 18% PCE enhancement. Our best OSC has shown 
a 6.59% PCE, which is a remarkable high value for completely 
air-processed OSCs. Our results demonstrate that the exploita-
tion of on-demand functionalized graphene derivatives as an 
electron-cascade acceptor material is a promising way toward 

the performance optimization of OSCs based on low-bandgap 
polymer donors and fullerene acceptors.  

  4.     Experimental Section 
  Modeling : All the computations were carried out at a DFT level, using 

the M06-2X functional. [ 76 ]  This approach is known to provide accurate 
electronic properties for a large variety of chemical systems. [ 76 ]  All the 
M-GNFs were fully optimized using the 6-31+G(d,p) basis set and 
harmonic frequencies have been computed at the same level of theory in 
order to assess the nature of the localized structure as energy minima. 
Solvent effects were included by the means of the polarizable continuum 
model in the linear response formalism. [ 77 ]  Finally, in order to allow for 
a direct comparison with previous results on graphene-like systems, [ 78 ]  
some calculations have been carried out using the Heyd-Scuseria-
Ernzerhof (HSE) functional (see the Supporting Information for an 
in-depth discussion on this topic). [ 79 ]  All computations were performed 
using the Gaussian 09 suite of programs. [ 80 ]  

  Experiments : The experimental study was carried out as follows. 
  Graphene Ink Preparation : The graphene ink used in this work was 

prepared dispersing 200 mg of graphite fl akes (Sigma Aldrich Ltd.) 
in 20 mL of NMP (Sigma Aldrich Ltd.). The obtained dispersion was 
subsequently ultracentrifuged using an SW-41 swinging bucket rotor 
in a Beckman-Coulter Optima XPN ultracentrifuge at 25 000 rpm 
(≈77 000 g) for 30 min. After ultracentrifugation, the supernatant was 
extracted by pipetting. 

  Characterization of Graphene Inks : The measurements were carried 
out as follows. 

  Optical Absorption Spectroscopy : Absorption measurements were 
carried out with a Jasco V-550 UV–vis. The concentration of the ink was 
determined exploiting the experimentally derived absorption coeffi cient 
of 1390 L g −1  m −1  at 660 nm [ 53,81 ]  (see S. I.). 
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 Figure 7.    a) Schematic illustration of the ITO/PEDOT:PSS/PCDTBT:PC 71 BM:GNF-EDNB60/TiOx/Al BHJ solar cell, with a close-up on the 
PCDTBT:PC 71 BM:Gr-EDNB60 ternary blend structure. b)  J – V  characteristics under 1 sun illumination for OSCs with different concentrations of GNF-
EDNB60. c) EQE spectra of binary and ternary OSCs.
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  Transmission Electron Microscopy : The as-prepared ink was drop 
casted at room temperature onto carbon coated copper TEM grids 
(300 mesh) and rinsed with deionized water. TEM images were taken 
with a Zeiss Libra 120 transmission electron microscope, operated at 
120 kV and equipped with an in-column omega fi lter. All the images and 
the diffraction patterns were energy fi ltered with a 15 eV slit on the zero 
loss peak. 

  FTIR Spectroscopy : KBr powder was fi nely pulverized in a mortar and 
then was put into a pellet-forming die. A force of ≈8 tons was applied, 
forming a transparent pellet. The pellet was inserted into an empty 
pellet holder and 10 µL of graphene ink were dropped onto. Then the 
pellet was dried thoroughly by annealing using a hotplate at 80 °C. The 
fi nal prepared sample containing graphene ink was analyzed by the 
BRUKER FT-IR spectrometer IFS 66v/F (MIR). Gr-EDNB powder ≈1 and 
≈100 mg of KBr were mixed in the mortar. Afterward, a small amount 
of the fi nely crushed mixture was put into a pellet-forming die, forming 
a slightly colored semitransparent pellet. The pellet was then inserted 
into an empty pellet holder and was analyzed by the BRUKER FT-IR 
spectrometer. 

  Raman Spectroscopy : For Raman measurements, the graphene ink 
was diluted (1:10) with pure NMP and drop casted onto an Si wafer with 
300 nm thermally grown SiO 2 . Raman measurements were carried out 
with a Renishaw 1000 at 532 nm and a 100X objective, with an incident 
power of ≈1 mW. The D, G, and 2D peaks were fi tted with Lorentzian 
functions. 

  Acylation of Graphene Ink (GNF-Cl) : Graphene ink (10 mL) was 
evaporated by rotary evaporation, under reduced pressure at 70 °C, 
in order to remove NMP, to recover it as solid. The yielded powder 
(≈0.5 mg) was dispersed in thionyl chloride (SOCl 2 ) (0.4 mL) and a 
catalytic amount of DMF (0.1 mL) was added. The excess of SOCl 2  was 
removed by distillation under reduced pressure [ 33 ]  The obtained Gi Cl 
was washed with ultradried tetrahydrofuran three times, in order to take 
off the excess of SOCl 2  and dried at a temperature of 40 °C in a vacuum 
oven for 2 h. The yielded GNF-Cl was dried for 3 h at 80 °C. 

  GNF-EDNB Preparation : G-Cl (1.6 mg) was dispersed in DMF 
(8 mL) by bath ultrasonication (5 min) at room temperature to give 
a homogenous dispersion. [ 82 ]  The initial dispersion was separated 
into four parts of the same volume. EDNB (0.6 mg) and drops of 
triethylamine (Et 3 N) (≈0.5 mL) were added to each sample and then 
the mixtures were stirred and refl uxed for 12, 24, 48, 60, and 120 h, 
respectively, under nitrogen (N 2 ). The aforementioned times were 
defi ned as the total functionalization time for each sample, respectively. 
The fi ve samples obtained were named as GNF-EDNB12, Gr-EDNB24, 
GNF-EDNB48, GNF-EDNB60, and GNF-EDNB120, respectively. When 
the mixtures were cooled at room temperature, diethylether (2 mL) 
was added in order to boost the precipitation of the fi nal product as 
a brownish solid, which was then collected by fi ltration. A series of 
purifi cation steps, for the fi ve different samples, were subsequently 
performed, each of which comprised ultrasonication (10 min) and 
centrifugation (5 min at 4200 rpm) to yield the fi nal GNF-EDNB. Finally, 
the precipitant received was dispersed into a mixture of solvents. In 
particular 1 mg of each GNF-EDNB sample was dispersed in 1 mL of 
chlorobenzene:  o -dichlorobenzene ( o -DCB) (1:3 v/v) followed by stirring 
at 70 °C overnight .  

  PCDTBT: PC71BM and PCDTBT: PC71BM:GNF-EDNB60 Blends 
Preparation : The PCDTBT:PC 71 BM dispersion was prepared according 
to the following procedure: PCDTBT and PC 71 BM (1:4 w/w), both 
purchased from Solaris Chem, were dispersed into DCB and  o -DCB (1:3 
v/v) and stirred overnight at 70 °C. Then, the dispersions were mixed 
with different amounts of GNF-EDNB60 (0.05%, 0.10%, and 0.15% v/v) 
to obtain the fi nal blends. 

  Characterization of the Graphene-EDNB Blend : FT-IR spectra were 
measured on a BRUKER FT-IR spectrometer IFS 66v/F (MIR). For 
Raman measurements, the graphene-EDNB blend was drop-casted onto 
an Si wafer with 300 nm thermally grown SiO 2 . Raman measurements 
were carried out in the same conditions reported for the characterization 
of the ink. Cyclic voltammetry measurements were carried out with an 
Autolab potentiostat PGSTAT128N. 

  OSC Fabrication : ITO glass substrates (8–12 Ω sq −1 ) were thoroughly 
cleaned by ultrasonic treatment with soap solution, acetone, and 
isopropanol for 20 min each. After cleaning, the substrates were 
covered with a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) layer by spin coating for 60 s at 6000 rpm, obtaining a 
30 nm fi lm. Then, the fi lms were baked for 20 min at 120 °C in order to 
dry any residual moisture. Successively, a 80 nm layer of the photoactive 
blend of PCDTBT: PC 71 BM or PCDTBT: PC 71 BM:GNF-EDNB60 was spin 
coated on top of the PEDOT:PSS layer at 1000 rpm. The cell was dried 
at 60 °C for 1 min and subsequently a 10 nm TiO  x   layer, synthesized 
as described elsewhere, [ 83 ]  was spin coated on top of the photoactive 
layer. Finally a 90 nm Al top electrode was deposited to complete cell’s 
architecture creating an active area of 0.04 cm 2 . 

  OSC Characterization : Current–voltage ( I – V ) and impedance 
measurements were performed at room temperature using an 
Agilent B1500A Semiconductor Device Analyzer. For photovoltaic 
characterization, the OSCs were illuminated, using an aperture mask, 
with 100 mW cm −2  power intensity of white light by an Oriel solar 
simulator with an Air Mass AM1.5 fi lter through the glass/ITO side, 
which was calibrated using an Si diode. The EQE spectra were recorded 
with by an Enli Technology EQE measurement system (QE-R), and the 
light intensity at each wavelength was calibrated with a standard single-
crystal Si solar cell. All measurements were performed in air immediately 
after the cell fabrication.  
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