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ABSTRACT: Highly efficient single-material organic solar cells (SMOCs)
based on fullerene-grafted polythiophenes were fabricated by incorporating
electrospun one-dimensional (1D) nanostructures obtained from polymer
chain stretching. Poly(3-alkylthiophene) chains were chemically tailored in
order to reduce the side effects of charge recombination which severely affected
SMOC photovoltaic performance. This enabled us to synthesize a donor−
acceptor conjugated copolymer with high solubility, molecular weight,
regioregularity, and fullerene content. We investigated the correlations
among the active layer hierarchical structure given by the inclusion of
electrospun nanofibers and the solar cell photovoltaic properties. The results
indicated that SMOC efficiency can be strongly increased by optimizing the
supramolecular and nanoscale structure of the active layer, while achieving the
highest reported efficiency value (PCE = 5.58%). The enhanced performance
may be attributed to well-packed and properly oriented polymer chains.
Overall, our work demonstrates that the active material structure optimization obtained by including electrospun nanofibers plays
a pivotal role in the development of efficient SMOCs and suggests an interesting perspective for the improvement of copolymer-
based photovoltaic device performance using an alternative pathway.

■ INTRODUCTION

Organic solar cells (OSCs) have received much attention due
to their potential application in the development of flexible,
lightweight, and cost-effective photovoltaic devices.1 Bulk
heterojunction (BHJ) cells are the most widely investigated
OSCs.2 Advances in their development have already made it
possible to overcome the power conversion efficiency (PCE)
threshold which is deemed necessary to make organic
photovoltaics commercially attractive.3 Despite these achieve-
ments, BHJ cells are still not widely produced commercially.
Several additional parameters, other than PCE, affect the final
applicability of BHJ devices.4 BHJ cells are based on the blend
of an electron donor and an electron acceptor. Since the active
material should have a bicontinual and homogeneous nanoscale
phase separation, the morphological optimization of this
thermodynamically unstable blend is complicated and
expensive.5 This problem is intrinsic in the concept of BHJ
and cannot be completely overcome. Nevertheless, not many
scientific efforts are oriented toward other types of OSCs that
can offer a compelling way to increase their applicability.
The covalent linking of electron accepting moieties (e.g.,

fullerenes) to a hole-transporting conjugated polymer as
polythiophene, allowing intramolecular electron transfer from
donors to acceptors, is the most elegant approach for
overcoming the limitations of BHJ devices.6 Since the active

material is based on one component, the phase separation-
related problem is solved. However, so far, single-material
organic solar cell (SMOC) efficiency is severely affected by the
charge recombination and ineffective transport.7 The tailoring
of the content, mode of linkage, position, and orientation of
fullerenes into the conjugated polymer backbone has already
limited the negative impact of charge recombination.8 In spite
of these advancements, SMOCs efficiency is lower than
conventional BHJ cells’ PCE, and the former are still
uncompetitive devices. However, the experts in the field
agree that focusing on molecular improvements while, at the
same time, optimizing the charge transport is the best approach
toward reaching a satisfying PCE.1,2,5−7 Structure optimization
of the active material is considered the key parameter for
overcoming the limits of the previously developed OSCs.9

SMOC active layers are considered three-dimensional (3D)
structures made of randomly oriented macromolecular units,
where charges can move without following the ideal linear
path.7 Even though the development of efficient transport
channels promoting the formation of optimal percolation paths
for the charges is crucial for increasing the SMOC efficiency,
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this aspect is still unexplored. Some recent studies, however,
show that electrospinning is the most efficient technique for
elongating and aligning polymer chains to form nanofibers with
a well-defined hierarchical structure.10−12

Here we report on the synthesis of a new donor−acceptor
conjugated copolymer poly[3-dodecylthiophene-co-3-(6-
fullerenylhexyl)thiophene] (CoP(3DDT)-(C60HT)), with
high regioregularity, molecular weight, fullerene content, and
solubility. We then produced continuous, uniform electrospun
nanofibers. The CoP(3DDT)-(C60HT) 1D nanomaterials were
integrated into SMOCs, and last, the supramolecular
structuration was improved by thermal annealing.
We investigated the contribution of intramolecular hetero-

junction design, supramolecular structure optimization, and
nanostructured architecture assessment with a comparative
study. Our cell already proved to perform better than
conventional BHJ solar cells and showed that its PCE is
consistently higher than the most efficient SMOC developed
up to now. For the first time, we demonstrated an efficient
SMOC with a PCE greater than 5.5% achieved by tailoring the
active layer hierarchical structure.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of CoP(3DDT)-(C60HT). All

reagents were commercially available and were used as received
without further purification unless otherwise stated. To a solution of
2.51 g (6.13 mmol) of 2,5-dibromo-3-dodecylthiophene and 2.48 g
(6.13 mmol) of 2,5-dibromo-3-(6-bromohexyl)thiophene, prepared
according to the Lanzi et al. method,13 in 100 mL of anhydrous THF,
4.09 mL (12.26 mmol) of a 3 M solution of methylmagnesium
chloride in THF was added. The reaction mixture was refluxed for 2 h
under stirring and a gentle flux of nitrogen. Afterward, 33.2 mg (0.062
mmol) of [1,3-bis(diphenylphosphino)propane]nickel(II) chloride
was added, and the mixture was refluxed again for 1 h. After cooling
to room temperature, the mixture was dropped into 650 mL of
methanol, and the precipitate was filtered through a PTFE membrane
(0.45 μm pore size). The recovered polymer was washed several times
with methanol and dried, giving 2.22 g (8.95 mmol) of poly[3-
dodecylthiophene-co-3-(6-bromohexyl)thiophene] (73% yield).
To 0.062 mg (2.56 mmol) of Mg turnings, 0.559 g (2.25 mmol) of

poly[3-dodecylthiophene-co-3-(6-bromohexyl)thiophene] was added,
under stirring and in an inert atmosphere. The reaction mixture was
refluxed for 5 h, cooled down to room temperature, and transferred via
cannula to a solution of 0.540 g (0.748 mmol) of C60-fullerene in 150
mL of anhydrous toluene and 1.50 mL of anhydrous N,N-
dimethylformamide. The mixture was reacted at 25 °C for 30 min
under stirring in an inert atmosphere. The reaction was then quenched
with a solution of 50 mg of ammonium chloride in 5 mL of distilled
water and subsequently added to 150 mL of brine. The organic layer
was washed with distilled water to neutrality, dried with magnesium
sulfate, and concentrated. The copolymer was then fractionated using
a toluene/n-heptane (1:3 v/v) mixture. After filtration through a PTFE
membrane (0.20 μm pore size), 0.989 g of fractionated CoP(3DDT)-
(C60HT) was obtained (85% yield).
The 1H NMR spectra were recorded on a Varian Mercury Plus 400

(400 MHz, room temperature) spectrometer using tetramethylsilane
(TMS) as internal reference. Fourier transform infrared (FT-IR)
spectra were taken on Ge disks using a PerkinElmer Spectrum One
spectrophotometer. Molecular weight and polydispersity of the
polymer were determined with gel permeation chromatography
(GPC) using polystyrene standards and THF as an eluent on a
HPLC Lab Flow 2000 apparatus equipped with a Phenomenex
Phenogel 5 μ MXL mixed bed column and a Linear Instrument UV−
vis detector model UVis 200 working at 263 nm.
Electrospinning of CoP(3DDT)-(C60HT) Nanofibers. First, the

precursor solutions were prepared by dissolving 66 mg of CoP-
(3DDT)-(C60HT) in 1.3 mL of chloroform and 40 mg of

poly(ethylene oxide) (PEO) in 2 mL of chloroform, separately, with
stirring at 50 °C for 48 h. 0.7 mL of PEO solution was successively
added to the CoP(3DDT)-(C60HT) solution in order to prepare the
electrospinning mixture containing 3.3 wt % of CoP(3DDT)-(C60HT)
and 0.7 wt % of PEO in chloroform. A uniform reddish-brown viscous
solution was obtained after stirring for 24 h. The polymer solution was
loaded into a syringe fitted with a metal needle with an inner diameter
of 0.4 mm. Subsequently, the solution was electrospun at a constant
flow rate of 0.45 mL h−1 using a syringe pump (KD Scientific syringe
pump model 200-CE) and at a high voltage (8.5 kV) generated by a
high-voltage power supply (Spellman model SL150) connected to the
needle. The ejected polymer fibers were collected on a drum covered
with aluminum foil and rotating at 2000 rpm. The distance between
the collector and the needle tip was set at 26 cm. During the process,
the relative humidity and temperature were maintained at the constant
values of 35% and 20 °C, respectively, by using a custom double
chamber with environmental control. The as-spun CoP(3DDT)-
(C60HT)/PEO nanofibers were treated by dipping the samples five
times in 25 mL of isopropanol for 60 min at 75 °C to remove PEO
and obtain pure CoP(3DDT)-(C60HT) nanofibers.

CoP(3DDT)-(C60HT) Nanofiber Characterization. The thermog-
ravimetric analysis (TGA) was conducted using a TA Instruments
2050 which operates under a nitrogen atmosphere, heating the
samples from 25 to 800 °C at a scan rate of 10 °C min−1. A TA
Instruments 2920 was used for the differential scanning calorimetry
(DSC) analysis of polymer samples by changing the temperature from
25 to 250 °C at a rate of 10 °C min−1 under a nitrogen atmosphere.
DSC results were analyzed using Origin 8 software, and melting
temperatures were defined by the peak maximum. X-ray diffraction
(XRD) measurements were performed using a Bruker D8 Discover
diffractometer with Cu Kα radiation (wavelength of 1.542 Å)
operating at 40 kV and 40 mA. The angular range of measurements,
2θ, was between 4° and 30° with a step of 0.01° and time of data
accumulation at a particular angular point of 0.2 s. The analysis of
electrospun nanofiber morphology was performed using a scanning
electron microscope (SEM, JEOL JSM-6390LV) instrument at
accelerating voltage of 10 kV. Prior to observations, samples were
coated with a thin gold layer. To evaluate the average diameter, 100
individual nanofibers were measured by ImageJ software using SEM
images from at least five different sections of each sample. Nanofiber
surface topographies were collected by an atomic force microscope
(AFM, Ntegra, NT-MDT) equipped with a super sharp silicon
cantilever (SSS-NCHR, Nanosensors) and operating in tapping mode.
The analyzed nanofibers were first collected onto glass slides and
subsequently treated with isopropanol, so that each would release the
sacrificial polymer. Single nanofiber mechanical property analyses were
performed using the same AFM setup and indenting the already-
analyzed nanofiber areas. Elastic moduli were calculated by fitting the
loading curves into the Hertz model. Results were obtained by
averaging at least 50 indentation curves per sample, acquired by
analyzing different nanofibers. Ultraviolet−visible (UV−vis) spectra of
CoP(3DDT)-(C60HT) film and nanofibers were recorded on a
PerkinElmer Lambda 19 spectrophotometer using films cast on quartz
slides from a solution of polymers in o-dichlorobenzene and a
nanofiber suspension in cyclohexanone (5 mg/mL) using the doctor
blading technique.

Photovoltaic Cell Fabrication. Photovoltaic cells were prepared
according to the following procedure: the ITO glass substrate (1 cm ×
1 cm, surface resistance 20 Ω/sq) was etched on one side by using a
10 wt % aqueous solution of HCl and heated at 60 °C for 15 min to
obtain a final area of 0.5 × 1 cm covered by indium tin oxide. The glass
was then cleaned in an ultrasonic bath (Elmasonic S30H) using
acetone and treated at 60 °C for 20 min with an oxidizing solution (1
mL of aqueous 33 wt % NH3, 20 mL of distilled water, 4 mL of 30 wt
% H2O2), washed with distilled water and 2-propanol, and dried with a
gentle nitrogen flow. After this treatment, the final resistance of the
ITO g l a s s w a s 1 2 Ω / s q . P o l y ( 3 , 4 - e t h y l e n e d i o x y -
thiophene):polystyrenesulfonic acid (PEDOT:PSS; 2.8 wt % dis-
persion in water, viscosity 20 cP) was diluted 1:1 v/v with 2-propanol
and homogenized under mild sonication, filtered on a Gooch G2, and
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the resulting solution (viscosity 12 cps) was deposited on the
previously treated ITO glass via the doctor blading technique using a
Sheen Instrument model S265674, leaving only a small 0.5 × 0.5 cm
area uncovered on the opposite side of the previously etched area. The
PEDOT:PSS film was heated in a Büchi GKR-50 glass oven at 130 °C
for 2 h under vacuum. A solution of 5 mg of CoP(3DDT)-(C60HT) in
1 mL of chlorobenzene (or a 5 mg dispersion of CoP(3DDT)-
(C60HT) fibers in 1 mL of cyclohexanone) was deposited by doctor
blading on the glass slide to cover the PEDOT:PSS layer. A backfill
layer was deposited on the fiber layer by doctor blading using the
CoP(3DDT)-(C60HT) solution in chlorobenzene. The buffer and
active layers were deposited under a nitrogen atmosphere operating
inside a MBraun MB 150-GII drybox equipped with H2O and O2
analyzers. The annealed samples were heated at 130 °C for 15 min in
the Büchi GKR-50 micro glass oven at 10−3 mmHg. Lastly, a 50 nm
thick Al electrode was deposited over the polymeric layer using an
Edwards 6306A coating system operating at 10−6 mmHg. The active
area of 0.0625 cm2 of the devices was defined by the area of deposited
Al electrode through a shadow mask.
Solar Cell Measurements. The prepared solar cells were stored

under nitrogen and in the dark until just before the performance
testing procedure. The current−voltage characteristics were measured
in air at room temperature using a Keithley 2401 source meter under
the illumination of an Abet Technologies LS150 Xenon Arc Lamp
Source AM1.5 Solar Simulator, calibrated with an ILT 1400-BL
photometer. The photovoltaic performance of the devices exposed to
air and light at room temperature was measured every 7 days up to 42
days in order to investigate their stability. Single carrier devices were
prepared, and the space-charge limited current (SCLC) was measured
to obtain the value for hole mobility (μ) according to the method
described by Azimi et al.14 These devices consisted of a ITO/
PEDOT:PSS bottom electrode and an Al top electrode. The
CoP(3DDT)-(C60HT) fibers active layer and the electrodes were
deposited in the same way as in SMOC devices. The SCLC region was
measured applying sufficiently large potentials to study the J−V
behavior in the voltage range from 0 to 6 V. Layer thickness and
surface features were measured using AFM in a noncontact tapping
mode. The reported PCE results were the averaged values obtained
from at least ten different devices prepared under the same operative
conditions. The spectral responses of the solar cells in the 300−800
nm wavelength range were measured using a SCSpecIII (SevenStar
Optics) external quantum efficiency setup.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of CoP(3DDT)-(C60HT).
The chemical structure of CoP(3DDT)-(C60HT) and its

synthesis are shown in Figure 1a. To maximize the photovoltaic
effect, we required a high content of electron-acceptor groups
to be present in the polymer chain.15 On the other hand, the
presence of high quantities of fullerene groups (i) affects
polymer solubility, which limits their processability, and16 most
importantly (ii) reduces the macromolecule packing by
decreasing chain planarity.17 We have extensively studied this
effect on double-cable polymers, reaching the highest PCE
value reported in the literature for SMOCs.13,15 The already
synthesized poly[3-hexylthiophene-co-3-(6-fullerenylhexyl)-
thiophene] is used as a good starting point for our study.13

The aim of the proposed synthetic route is to enhance the
solubility of the previously synthesized double-cable polymer
with high fullerene content in order to enable the occurrence of
the electrospinning process.
The synthesis is divided into two main steps. First,

regioregular poly[3-dodecylthiophene-co-3-(6-bromohexyl)-
thiophene] (PRE) was synthesized through a Grignard
metathesis (GRIM) reaction followed by Ni(II)-catalyzed
polymerization. A typical postpolymerization functionalization
(PPF) was then performed on the polymeric precursor PRE in
order to insert the fullerenic substituent into its side chains by a
bimolecular nucleophilic substitution (SN2) reaction involving
terminal bromine atoms.
The proposed efficient and selective reaction produces well-

defined polymer chains with high fullerene content. 1H NMR
spectroscopy (Figure S1) was used to estimate the PRE degree
of regioregularity (95% in head-to-tail dyads, HT) by evaluating
the integral ratio of the signal centered at 2.65 ppm (HT dyads)
with that at 2.45 ppm (non HT dyads). PRE composition (3-
dodecylthiophene:3-(6-bromohexylthiophene) 0.55:0.45 molar
ratio) was found by comparing the integral of the signal of the
methyl group belonging to the dodecylic monomer at 0.93 ppm
with the integral of the triplet at 3.43 ppm ascribable to the α-
methylenic protons to the −Br group. The high degree of
regioregularity (95% in head-to-tail dyads) of CoP(3DDT)-
(C60HT) was determined by evaluating the integral ratio of the
signal at 6.98 (HT-HT triads) with those at 7.01 and 7.03 ppm
(non HT-HT triads) in the 1H NMR spectrum (Figure S2).
The composition of CoP(3DDT)-(C60HT) slightly differs from
that of PRE since the postpolymerization functionalization is
not quantitative, having an 85% yield. So it can be argued that

Figure 1. Copolymer structure and device architecture. (a) Synthesis of CoP(3DDT)-(C60HT). Fullerene molecules are inserted into the hexyl side
chains of the presynthesized PRE via bimolecular nucleophilic substitution reaction. (b) Schematic representation of the single-material organic solar
cell cell structure: indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS)/active layer/aluminum (Al).
Photovoltaic measurements are obtained by measuring current and voltage between the ITO anode and the aluminum cathode.
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the recovered more soluble portion of the fullerenated polymer
was made of polymeric chains with a higher alkylic monomer
content. The sequence of the two comonomers in the
copolymers is not directly evaluable from their 1H NMR
spectra. However, considering that the two dibrominated
intermediates 2,5-dibromo-3-dodecylthiophene and 2,5-dibro-
mo-3-(6-bromohexyl)thiophene only differ by their various side
chain lengths (since the electron-withdrawing group −Br is
electronically separated from the thiophenic ring by the
oligomethylenic spacer), it is reasonable to suppose that they
have a similar reactivity toward the polymerization reaction.
This is also confirmed by the obtained PRE composition value
3-dodecylthiophene:3-(6-bromohexyl)thiophene) molar ratio
of 0.55:0.45) which is similar to the monomers feed ratio value
(0.5:0.5). In view of this, we hypothesize that the copolymers
have a random sequence arrangement of the two monomers.
FT-IR spectra of polymers before and after the PFP reaction

highlighted the chemical bonding of fullerene (four IR
absorption peaks at 1429, 1173, 577, and 526 cm−1) (Figure
S3 and Table S1).18,19 The final composition of 3-dodecyl-
thiophene:3-(6-fullerenylhexyl)thiophene copolymer (0.58:0.42
molar ratio) was determined by comparing the integral of the
1H NMR signal of the methyl group belonging to the alkylic
monomer at 0.92 ppm with the integral of the peak at 3.45
ppm, ascribable to the methylene group directly linked to
fullerene, which is present only in the functionalized monomer.
The high regioregularity degree is fundamental for guaranteeing
well-ordered polymers with close π−π stacking, which is
necessary to maximize the charge mobility.20

GPC results revealed the high number-average molecular
weight (Mn) of CoP(3DDT)-(C60HT), which was 48 000 Da
with a narrow polydispersity index (PDI) of around 1.2 (Figure
S4). Moreover, the presence of a dodecyl group in the
copolymer structure strongly increased its solubility up to 30
mg/mL in chloroform.
In order to fabricate SMOCs with high efficiency, the

proposed copolymer synthesis was optimized before the
production of the devices by studying the effect of the
copolymer monomer ratio on the solar cell performance. To
this end, CoP(3DDT)-(C60HT) with four different monomer
ratios was synthesized and used to fabricate SMOCs (without
incorporating electrospun nanofibers) according to the
protocol shown in this article. The annealed device obtained
by using CoP(3DDT)-(C60HT) with molar ratio of 85:15 had a
PCE of 2.58%. The SMOC fabricated by using the copolymer
with molar ratio of 70:30 gave a significant enhancement of
photovoltaic performance (PCE = 2.90%). The best result was
achieved fabricating SMOC with CoP(3DDT)-(C60HT) with
molar ratio of 58:42 which led an increase in performance of
about 34% in terms of PCE (3.47%) when compared to the
lowest fullerene content cell. Photovoltaic tests on devices
fabricated clearly confirmed that SMOC performance improves
when increasing the fullerene content in the copolymer. On the
other hand, increasing the monomer ratio up to 50:50
CoP(3DDT)-(C60HT) showed poor solubility which did not
allow the fabrication of stable SMOCs as a result of macroscale
polymer aggregation.
Electrospinning of CoP(3DDT)-(C60HT) Nanofibers. To

fabricate CoP(3DDT)-(C60HT) nanofibers, first we electro-
spun a chloroform solution of CoP(3DDT)-(C60HT) (3.3 wt
%) and PEO (0.7 wt %). The presence of flexible insulating
polymer chains helps the formation of uniform nanofibers with
a self-organized core−shell structure.21 Previous studies have

already successfully demonstrated that due to the different
viscosity, CoP(3DDT)-(C60HT) molecules are placed in the
inner part of the nanofiber.21 Nanofibers were then treated a
few times with isopropanol at 75 °C, in order to selectively etch
out PEO and obtain pure CoP(3DDT)-(C60HT) nanofibers.
First we determined the PEO removal efficiency by TGA.

The blend nanofiber thermogram showed two different signals,
confirming the presence of both polymers, while the CoP-
(3DDT)-(C60HT) nanofiber curve did not show the PEO-
related weight loss (Figure S5). The treated nanofiber TGA
curve thermogram showed features similar to those of the as-
synthesized copolymer thermogram. In agreement with several
previous articles, we found that the chemical etching performed
at a temperature above the PEO melting temperature
encourages the complete chemical removal of PEO from
polythiophene derivative electrospun nanofibers.21 Moreover,
the final percentage weight detected (around 40%) is
consistently higher than that of regular poly(3-alkylthiophene)-
s. This discrepancy confirms the chemical grafting of a large
number of fullerene groups to the polymer chains.22

Electrospun materials were characterized by SEM and AFM
to investigate both mat and single-fiber morphology. Figures 2a

and 2b show electrospun nanofibers which were made from a
blend solution before and after PEO etching, respectively. The
images reveal CoP(3DDT)-(C60HT)/PEO cylindrical fibers
with nanoscale diameters (0.93 ± 0.08 μm). Nanofibers are
uniform and characterized by the typical polythiophene
derivative/PEO textured surfaces.23 Etching out PEO generates
pure CoP(3DDT)-(C60HT) with a 0.85 ± 0.12 μm diameter.
The volumetric reduction is consistent with the amount of PEO
used to spin nanofibers (17.5%), and moreover, PEO removal
does not cause any substantial worsening in the material
morphology.
Post-treated nanofibers show continuous and well-defined

structures, although nanofiber surfaces appear more irregular
and dotted, as demonstrated by AFM topographies (Figures
3a,b). The polka-dot surface is due to the removal of PEO. The
insulator polymer was located on the external part of the blend
nanofibers and tended to form nanoscale domains. The surface
corrugation and the presence of small holes are visible in SEM
micrographs as well as in the rise in the standard diameter
deviation. Moreover, electrospinning generates considerable
improvements in terms of CoP(3DDT)-(C60HT) material
mechanical properties.24 By using AFM nanoindentation, it was
seen that the elastic modulus values rise considerably from 1.59

Figure 2. Electrospun mat morphology. (a) SEM image of
CoP(3DDT)-(C60HT)/PEO blend fibers. (b) SEM micrograph of
CoP(3DDT)-(C60HT) fibers when PEO was removed by washing the
fiber mat with isopropanol at 75 °C.
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± 0.16 to 2.52 ± 0.31 GPa analyzing film and single fibers of
CoP(3DDT)-(C60HT).

25,26

Polymer crystallinity was first investigated by DSC, analyzing
electrospun CoP(3DDT)-(C60HT) as well as a thin film of the
same polymer as a reference (Figure 4a and Table 1). The DSC
thermogram of the CoP(3DDT)-(C60HT) film shows an
endothermic flexure at 52 °C (Tg, glass transition temperature)
and two endothermic peaks (melting temperatures Tm1 and
Tm2) at 122 and 225 °C, which can be ascribed to the melting
of crystalline domains determined by the packing of side chains
and backbone, respectively.13 It also shows an evident
exothermic crystallization peak at 148 °C (Tc). The DSC
thermogram of CoP(3DDT)-(C60HT) fibers is quite similar
but evidences a lower Tm1 temperature, related to the different
spatial disposition of the side chains when electrospun in fibers.
The nanofiber formation process involves a fast solvent
evaporation that affects the side chain arrangement, as
confirmed by a slight decrease in the first melting signal
enthalpy (ΔHm1) of the fibers. Electrospinning has a marked
impact on the stretching and alignment of polymer backbone
chains, which is highlighted by the increment ΔHm2 in the
nanofiber sample.
XRD (Figure 4b) tests were conducted to further investigate

the inner nanofiber structure. The XRD scans of CoP(3DDT)-
(C60HT)/PEO and CoP(3DDT)-(C60HT) nanofibers show
the typical semicrystalline diffraction peak of PEO signal (2θ =
19.1°) only in the first sample, thus confirming the etching
process effectiveness.27 The (100) reflection due to the
CoP(3DDT)-(C60HT) lamellar structures (2θ = 5.1°) became
sharper after the postelectrospinning process, thus indicating
the development of well-structured copolymer crystallites when
fibers were exposed to the organic solvent at high temper-
ature.26 The (010) peak 2θ = 23.5° indicates that the π−π
interaction is not present in the CoP(3DDT)-(C60HT) film
diffractogram, while it is well visible in the spun materials,
indicating that CoP(3DDT)-(C60HT) undergoes backbone
chain alignment during the electrospinning process, which
promotes the interchain π−π stacking and crystallization.26

Lastly, it is worth noting the absence of any fullerene
aggregation-related peaks. The formation of large fullerene
aggregates, which is one of the main causes of poor SMOC
performance, has been avoided thanks to the presence of an
alkyl spacer between the fullerenes and the backbone.22

Optical absorption profiles (Figure 4c) show significant
enhancements with regard to material−light interactions after
the polymer chain arrangements via electrospinning. UV−vis

Figure 3. Morphological surface properties of single electrospun
nanofibers. (a) Single fiber AFM topographical image of the as-spun
blend. (b) AFM topography image of the surface of a single
CoP(3DDT)-(C60HT) nanofiber after etching the PEO phase out of
the blend.

Figure 4. Chemical structure characterization reveals molecular order
in electrospun one-dimensional nanomaterials. (a) DSC thermograms
of polymer CoP(3DDT)-(C60HT) fibers and film under dynamic
nitrogen atmosphere at a heating rate of 10 °C min−1. The upper lines
are collected from heating scans and the lower lines from cooling
scans. (b) XRD scattering patterns from CoP(3DDT)-(C60HT) film,
fibers, and CoP(3DDT)-(C60HT)/PEO blend fibers recorded in a
range of 2θ from 4° to 30°. (c) Comparison of optical absorption
spectra of CoP(3DDT)-(C60HT) film and nanofibers as well as of a
film of a P3HT:PCBM physical mixture typically used for BHJ solar
cells.

Table 1. Thermal Properties of CoP(3DDT)-(C60HT) Film
and Electrospun Nanofibers Obtained by Differential
Scanning Calorimetry; Glass Transition (Tg), Melting Points
(Tm), Crystallization Points (Tc), and Thermal Transition
Enthalpies (ΔHm and ΔHc) Are Indicated

sample
Tg
(°C)

Tm1
(°C)

Tm2
(°C)

Tc
(°C)

ΔHm1
(J/g)

ΔHm2
(J/g)

ΔHc
(J/g)

CoP(3DDT)-
(C60HT) film

52 122 225 148 3.12 5.29 4.62

CoP(3DDT)-
(C60HT) fibers

46 120 223 156 0.81 7.40 3.71
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spectra of both CoP(3DDT)-(C60HT) samples show (i) an
absorbance in the area around 350 nm, which may be ascribed
to fullerene derivatives in side chains (more evident in the fiber
sample), and (ii) a peak around 500 nm, which may be
attributed to the polythiophenic system π−π* transition. The
presence in the electrospun fibers of a further shoulder at
around 620 nmwhich is usually assigned to noninterdigitat-
ing crystalline domainsindicates the formation of π−π
stacking between thiophene rings.28 Furthermore, the absorp-
tion shoulder at 620 nm reflects a significant planarization of
the polythiophene backbone chains and interchain aggregation
at the nanoscale range. This spectral feature, which is similar to
that observed in other donor/acceptor polythiophene copoly-
mers films, arises from the solvent evaporation during the
preparation of solid state samples.17The CoP(3DDT)-(C60HT)
nanofiber UV−vis spectrum shows enhanced absorption even
when compared to typical poly(3-hexylthiophene) and [6,6]-
phenyl C61-butyric acid methyl ester (P3HT:PCBM) BHJs
system films with weight ratio of 1:1. The red-shift in nanofiber
absorption peaks suggests that polymer chains have a more
extended conformation and better delocalized π-conjugation.29

Moreover, the red-shift allows the π−π* transition to fit
perfectly with the wavelength of the maximum solar spectrum,
providing an improved overlap with the solar emission while
increasing the final efficiency of photovoltaic cells.
Single-Material Organic Solar Cell Fabrication and

Performance. The final solar cells used here have the same
architecture that we have always used for studying the active
material properties with preoptimized layer thickness: indium
t i n o x i d e ( I T O ) / p o l y ( 3 , 4 - e t h y l e n e d i o x y -
thiophene):polystyrenesulfonic acid (PEDOT:PSS)/active
layer/aluminum (Al) (Figure 1b).13,15,30 Glass slides covered
by 80 nm of ITO were used as the support for fabricating cells.
A PEDOT:PSS layer (120 nm) was deposited onto the ITO
surface. Active layers with a 120 nm thickness were laid by the
doctor blading technique, and last, 50 nm thick Al layer
cathodes were deposited by thermal evaporation. CoP(3DDT)-
(C60HT) fiber solar cells were characterized as prepared and
after thermal annealing (see Experimental Section for cell
fabrication details). To embed the electrospun nanofibers into
the active layer, materials were deposited according to a
method developed by the Steckl research group.31 This
procedure is divided into two stages. First, a layer of
CoP(3DDT)-(C60HT) fibers was deposited onto the ITO/
PEDOT substrate, and then a backfill layer was deposited on
the fibers by doctor blading, using a fully solubilized
CoP(3DDT)-(C60HT) solution. The second part of the
process is fundamental for interconnecting fibers and creating
a uniform layer. The use of an unsaturated solution allows for a
further nanofibers diameter reduction while maintaining the
structure that serves as a template for the fully solubilized
CoP(3DDT)-(C60HT) during the construction of the final
layer. It is well-known that in electrospun conjugated polymer
materials the inner portion of the fibers has polymer chains that
are more aligned and closely packed, with improved crystallinity
compared to the nanofiber external region.32 Therefore,
nanomaterial−light interaction, charge transport, and mechan-
ical properties can be enhanced by the dissolution of the
CoP(3DDT)-(C60HT) fiber external layer.
The photovoltaic performance of this device was compared

to that of a SMOC prepared with a CoP(3DDT)-(C60HT) film
(with no fibers) as the active layer, and one type of
conventional BHJ device fabricated by using a 1:1

P3HT:PCBM weight ratio blend, in order to investigate the
origin of the improvements in the SMOCs incorporating
nanofibers.
The morphology of the final cell active layers after the

annealing process was examined by using tapping mode AFM
height and phase images (Figure 5) in order to evaluate the

influence of the inclusion of nanofibers in the structure of the
active material. Both height images (Figures 5a,c) show flat
surfaces with root-mean-square roughness of around 1 nm. The
morphology of the film without electrospun nanofibers is more
regular than that of fiber-based active materials. The presence
of electrospun nanofibers within the cell active layer leads to a
slight increment in roughness, confirming the result previously
found by Bedford et al.31 The phase images (Figures 5b,d)
reveal the absence of large fullerene aggregates in both analyzed
materials and a significant variation in the active layer structure
caused by the addition of electrospun nanofibers. The
CoP(3DDT)-(C60HT) active layer without fibers shows a
featureless phase image, while the presence of a nanopattern is
clearly visible in the layer with incorporated electrospun fibers.
The nanopattern formation is often related to the development
of higher efficiency devices. Moreover, it is important to
mention that several similar diblock copolymers show a typical
fibrous-like structure due to the separation of the crystalline
polythiophene block and the fullerene-attached blocks.33 The
CoP(3DDT)-(C60HT) active layer structure has a more
spherical morphology due to the large number of fullerene
groups present within the polymer. Similar results were found
by Miyanishi et al. when studying the relationship between the
amounts of the attached fullerene and the nanopattern
morphology, which proved that large fullerene volumes
strongly disturb the fibril formation leading to more spherical
patterns and to higher device performances.34

Figure 6a shows the current density versus the voltage (J−V)
characteristics of solar cells with different active layer

Figure 5. Active layer surface structure of CoP(3DDT)-(C60HT)
SMOCs. AFM topographical (left) and phase images (right) of SMOC
active materials from (a, b) an annealed film of CoP(3DDT)-(C60HT)
and (c, d) an annealed CoP(3DDT)-(C60HT) layer incorporating
electrospun nanofibers.
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composition and structure under illumination of an air mass
(AM) 1.5 solar simulator. In order to evaluate the effect of the
presence of nanofibers as a template within the active layer, we
evaluated the efficiency of the devices fabricated with a simple
CoP(3DDT)-(C60HT) thin layer. Device performances were
analyzed before and after annealing in order to evaluate the
thermal treatment influence. Additionally, the efficiencies of the
SMOCs were compared by using the P3HT:PCBM cell as a
standard reference to assess the performance of the optimized
photovoltaic cells. As for the quantitative comparison, Table 2
and Table S2 show the best and average photovoltaic
parameters for all those devices, respectively.

The P3HT:PCBM device had a short-circuit current density
(Jsc) of 10.1 mA cm−2, an open circuit voltage (Voc) of 0.63 V, a
fill factor (FF) of 56%, and a PCE of 3.55%. These results are
consistent with the best value reported in the literature for the
conventional BHJ solar cell architecture made with this blend35

as well as with our previous results.13 Solar cells made with a
CoP(3DDT)-(C60HT) film and annealed showed a similar
PCE to that of the BHJ device, thus highlighting the potential
benefits of SMOCs. The high fullerene content within the
diblock copolymer and the direct chemical attachment of
fullerene-containing groups to the polymer backbones make it
possible to reach the BHJ percolation threshold and achieve a
similar photovoltaic efficiency. In this respect, it is worth
remembering that the potential for scaling-up OSC fabrication
is affected by the active material costs; therefore, the
development of devices with appropriate efficiency and low
content of fullerene will play a fundamental role for the possible
industrial future of these devices.4 It is well-known that the
open-circuit voltage value defines the transfer process from the

generation of excitons to the carrier collection. The Voc value
depends on the effective donor/acceptor bandgap and is
significantly affected by the carrier’s recombination.36 The Voc
values of the BHJ reference and SMOCs are approximately at
the same level, which proves that it is possible to overcome one
of the main double-cable polymer limitations caused by the
charge recombination using the proposed chemical synthesis
strategy.37 Furthermore, we proved that it is possible to exceed
the open-circuit voltage BHJ threshold by incorporating
nanofibers into the active layer.
A significant improvement in terms of performance was

achieved by including the nanostructured template into the
device. Among the developed devices, the one with the best
performance showed a PCE of 5.58%, with a hole mobility of
8.4 × 10−4 cm2 V−1 s−1, FF of 62%, Voc of 0.68 V, and Jsc of 13.3
mA cm−2 when the CoP(3DDT)-(C60HT) fiber cell was
thermally annealed. To the best of our knowledge, this is the
highest power conversion efficiency reported for a SMOC. The
effect of the thermal treatment on the photovoltaic perform-
ance of the device was clearly visible. These improvements are
attributed to more favorable stacking interactions and side-
group disposition, permitting a more balanced charge trans-
port.38

As displayed in Figure S6, the efficiency level of the
fabricated SMOCs exhibits good stability when exposed to
ambient conditions. It can be clearly observed that their
performance decreases rapidly in the first few days and more
slowly afterward. The fiber-containing samples were more
stable than the corresponding ones in film state: the most stable
sample was that of CoP(3DDT)-(C60HT) fibers (annealed)
while the less stable was that of CoP(3DDT)-(C60HT) film,
and their PCE decreased by 16.7% and 37.9%, respectively,
from their initial values in 42 days. Annealed CoP(3DDT)-
(C60HT) fiber SMOC test shows an initial efficiency drop-off
followed by a slower degradation which leads to a PCE value of
4.65%, confirming that these cells maintain high efficiency over
a long period of time.
To further investigate the mechanism responsible for the

performance enhancement, we analyzed the external quantum
efficiency (EQE) of the annealed devices (Figure 6b) under 1
sun illumination. The curve related to the device based on
CoP(3DDT)-(C60HT) in film form showed three feature peaks
at 333, 462, and 499 nm plus three shoulders at 378, 573, and
637 nm. The device based on copolymer fibers showed two
main peaks at 332 and 525 nm, plus three shoulders at 395,

Figure 6. Performance of CoP(3DDT)-(C60HT) SMOCs. (a) Current−voltage (J−V) characteristics of different CoP(3DDT)-(C60HT) devices
and a P3HT:PCBM BHJ solar cell under simulated AM1.5G sunlight illumination. (b) EQE spectra of the thermally treated SMOCs fabricated using
a thin layer of CoP(3DDT)-(C60HT) and introducing CoP(3DDT)-(C60HT) nanofibers into the active material.

Table 2. Best Photovoltaic Device Performance of the BHJ
Reference Cell and SMOCs with Different Active Layer
Structures and Thermal Treatments

sample
Jsc

(mA cm−2)
Voc
(V)

FF
(%)

PCE
(%)

P3HT:PCBM (annealed) 10.1 0.63 56 3.55
CoP(3DDT)-(C60HT) film 8.2 0.58 51 2.43
CoP(3DDT)-(C60HT) film
(annealed)

10.7 0.59 55 3.47

CoP(3DDT)-(C60HT) fibers 11.4 0.60 55 3.76
CoP(3DDT)-(C60HT) fibers
(annealed)

13.3 0.68 62 5.58
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570, and 615 nm, accompanied by a peak of small intensity
centered at 685 nm. The EQE profiles follow the absorption
spectra trend, thus demonstrating that the harvested photons
contribute directly to the photocurrent and confirming the
lowering of the recombination side effects. Enhanced quantum
efficiency was observed in the device made with CoP(3DDT)-
(C60HT) fibers as compared to the device made with
CoP(3DDT)-(C60HT) film, showing the improved charge
collection efficiency of the former. Maximum EQE in the
CoP(3DDT)-(C60HT) fibers reached 61% at around 330 nm,
which is remarkably higher (+12.5%) than the most intense
peak in the SMOCs prepared without fiber. This peak is
ascribed to the π−π* transition of chromophoric fullerene
derivatives in the side chain.39 This result highlighted the
beneficial effect of the method used on the conformation of
both backbone and side polymer chains. Furthermore, a
significant improvement in quantum efficiency was observed
in the 500−625 nm wavelength region, which corresponds to
the maximum spectral zone of the solar radiation hitting the
Earth’s surface. The enhanced polymer structure also influences
other parameters so that CoP(3DDT)-(C60HT) fiber SMOCs
achieve a higher fill factor, consistent with a higher degree of
polymer chain ordering and interchain π−π stacking.40 Lastly,
the Jsc of fiber cells is greater than that of the film cells, which
arise from the greater photocurrent generated in the 300−625
nm region.

■ CONCLUSIONS

We report on the development of a novel SMOC with power
conversion efficiency as high as 5.58% which, to the best of our
knowledge, is the highest value reported so far for a single
material device. The newly synthesized donor−acceptor
polymer (CoP(3DDT)-(C60HT)) with high fullerene group
content, high regioregularity, and great solubility may
contribute to a greater charge carrier mobility and lower
charge recombination, mutually accountable for open-circuit
voltage greater than those of a conventional BHJ blend and
previously developed single-material devices. Moreover, the
presence of the electron-acceptor group chemically linked to
the main chain by the alkyl spacer makes it possible to prevent
phase-separation phenomena, even at a high fullerene content.
Electrospun CoP(3DDT)-(C60HT) nanofibers were found to
have a degree of polymer chain order which is conducive to
interchain π−π stacking and the development of well-structured
copolymer crystallites. These features contribute to a more
efficient UV−vis radiation absorption, the creation of ideal
pathways for charge carriers, and improved mechanical
properties. The inclusion of nanofibers in the SMOC as a
template and thermal annealing strongly contribute to the
optimization of the active material structure, leading to an
increase in both the external quantum efficiency and cell
photovoltaic properties. The great efficiency improvement
confirms that the design of innovative macromolecules should
be synergistically supported by the development of a well-
defined hierarchical architecture which takes into account the
polymer supramolecular arrangement and active layer nano-
structuration in order to obtain high-performance SMOCs.
These findings open up new design solutions for novel

organic solar cells. Furthermore, the achieved efficiency
improvements, +57.2% compared to those of the BHJ reference
cells, reveal the potential of CoP(3DDT)-(C60HT) devices for
photovoltaic applications.
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ultraviolet−visible; P3HT, poly(3-hexylthiophene); PCBM,
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