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ABSTRACT: Electrospinning of fibers composed of poly(3-hexylth-
iophene) (P3HT), fullerene derivative, phenyl-Cgi-butyric acid
methyl ester (PCBM), and single-walled carbon nanotubes
(SWNT) is reported. While of great promise for photovoltaic appli-
cations, morphological control of functional structures is a great
challenge for most processing methods. It is demonstrated that
the use of a tailor-made block-copolymer for dispersion of individ-
ual SWNT enables the preparation of stable dispersions of individ-
ual tubes that may be further cospun from chloroform solutions
with PCBM and P3HT into submicron fibers. The block copolymer

INTRODUCTION Conjugated polymers are currently used as
a major component in organic photovoltaics (OPV) that are
expected to provide low-cost, large-area, lightweight, and
flexible alternative to silicon-based solar cells.'™ A crucial
issue in polymer-based OPV is control of the mesoscale mor-
phology of the active layer. In bulk heterojunction (BH])
configuration where donor-type-conjugated polymers (hole
conducting) and acceptor-type fullerenes (electron conduct-
ing)? are mixed together, efficient charge collection requires
that the donor and acceptor materials form an interpenetrat-
ing and continuous network, “phase separated” on the scale
of the exciton diffusion length ~10 nm.* It has been reported
that BH] solar cells comprising high-mobility donor polymers
and a fullerene derivative, phenyl-Cg;-butyric acid methyl
ester (PCBM), as an electron acceptor, yield a power conver-
sion efficiency of ~8%.°

used to mediate the colloidal and interfacial interactions in the
combined system enables the spinning of centimeters long and
uniform fibers. Structural characterization indicates a high degree
of ordering and alignment within the fibers and absorption and
quenching of the photoluminescence indicate significant inter-
actions among the components. © 2011 Wiley Periodicals, Inc.
J Polym Sci Part B: Polym Phys 49: 1263-1268, 2011
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As the performance in BH] OPV depends critically on the mor-
phology of the active layer,®® and particularly on the intramo-
lecular and intermolecular interactions between the polymer
chains and the nanostructures, large efforts are being
invested in the development of processing approaches that
will enable the engineering of the mesoscale morphology.

Recently, it was suggested®'® that the addition of carbon
nanotubes (CNT) to the traditional mixture of fullerenes and
conjugated polymers should improve the PV performance of
the three-component system. This class of devices aims to
take advantage of the electron-accepting feature of the fuller-
enes, and the high-electron transport capability of single
walled carbon nanotubes (SWNT).'' SWNT offer superior
electron transport properties where reduced carrier scat-
tering for hot carrier transport result in a near-ballistic
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transport along the tube.'®'® In addition, the high aspect
ratio (length-to-diameter) >10% of SWNT yields percolation
thresholds below 0.1 weight percent (wt %)** offering a
high-mobility pathway for electron transport at minute bulk
concentrations. Among the conjugated polymers, poly(3-
hexylthiophene) (P3HT) is one of the promising materials
due to the high charge carrier mobility (e.g., 0.1 cm* V!
s 1),'° and suitable light absorption in the visible range of
the solar spectrum. In this system as well, the morphology
of the active layer determines the optoelectronic properties
of the devices.'®

While of great potential, the morphological control of the
combined SWNT-PCBM-P3HT system is a formidable task,
as it is affected by the mutual interactions among the
components, surface interactions, and the geometry of the
components.'”*®

Here, we demonstrate that electrospinning may be used for
preparation of composite microfibers of the three-component
system leading to a higher degree of ordering in the proc-
essed polymer and alignment of the SWNT along the drawing
direction of the fibers.

The electrospinning technique is based on electrostatic forces
drawing a jet of a polymer solution, which experiences high
extension due to electrostatically driven bending instability
forming microfibers to nanofibers.'®?° The strong shear force
induces stretching and alignment of the polymer chains, as
well as coalignment of elongated additives such as CNT.2'
Followed by fast quenching due to solvent evaporation, one is
able to fabricate solid nanofibers of densely packed and ori-
ented polymer chains. The combined system described above
presents a special challenge for electrospinning: P3HT exhib-
its very low viscoelasticity in solutions*? and SWNT are hard
to disperse in organic solvents that are good solvents for con-
jugated polymers.?®

In this article, we demonstrate that the difficulties described
above may be overcome by utilizing a tailor-made block-
copolymer,”® comprising polyethylene oxide blocks and a
central hexa-p-phenylene block (PEO),(Ph)s(PEO), (where n
= 8, 24, and 44) for the dispersion of the nanostructures
(fullerene derivatives and individual CNT) in a liquid phase,
and the mediation of the interfacial interactions of the com-
bined system. The preparation of microfibers is followed by
structural and functional characterization where spectro-
scopic characterization indicates a higher degree of conjuga-
tion among the P3HT chains when compared with thin films,
and efficient quenching of the photoluminescence.

EXPERIMENTAL

Dispersions of Single Walled Carbon Nanotubes

Dispersions of SWNT [Carbolex Inc. SWNT (AP) http://car
bolex.com] were prepared in chloroform (anhydrous,
Frutarom, Israel) solutions of the triblock copolymer: The
block copolymer (PEO),(Ph)¢(PEO), (where n = 8, 24, and
44) was dissolved to form solutions of 2 wt %. The solutions
were mixed for 2-3 days using a magnetic stirrer or a roller.
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A powder of SWNT was sonicated mildly (50 W, 43 KHz) for
1 h in the polymer solution. Following the sonication, the
dispersions were centrifuged (at ~3 x 10* g for 20 min)
and the supernatant (the dispersion) was decanted from
above the precipitate. The resulting dispersions were macro-
scopically homogeneous, with ink-like appearance. Their mi-
croscopic structure was characterized using transmission-
electron microscopy (TEM).

PCBM (99%, Solenne BV, the Netherlands) solutions were
prepared following a similar procedure.

Solutions and Dispersions for Electrospinning

The solutions of P3HT were prepared (under an inert nitro-
gen atmosphere) by addition of 30 mg P3HT (M,, 55-60,000,
Catalog no. 4002-E, Rieke Special Polymers) to a mixture of
anhydrous chloroform and anhydrous trichloroethylene
(Frutarom, Israel), at solvent weight ratio of 94:6, and the
solutions were stirred overnight. The solvent mixture was
used to mediate the volatility of the solution. A minute con-
centration of a high-molecular weight poly(ethylene oxide)
(PEO; M,, = 4,000,000, Aldrich) was used to enhance the vis-
coelasticity of the solutions and improve spinnability: PEO
was dissolved in chloroform to a final concentration of
0.2 wt %, and a proper volume was added to the P3HT solu-
tions to a final concentration of 0.02-0.04 wt %.

P3HT-PCBM and P3HT-PCBM-SWNT fibers and spin-coated
films were prepared by mixing the pre-prepared solutions
and dispersions: the dispersions (prepared as described
above) were mixed with the chloroform—trichloroethylene
solution of P3HT to the final weight ratio between the com-
ponents, ranging from PCBM wt % of 0 to 50 (PCBM:P3HT).

Electrospinning

Electrospinning was carried out at room temperature in air
at relative humidity of 56%, flow rate 1.5 mL h™ . In a typi-
cal procedure for electrospinning, the solution was added to
a plastic syringe connected to a stainless steel needle. The
metallic needle was connected to a high voltage power sup-
ply (Gamma High Voltage, XRM30P) using a spinning voltage
of 6-7 kV, and a grounded substrate was placed 12 cm
below the tip of the needle to collect the fibers.*!

Morphological Characterization

The morphology of the fibers was characterized using optical
microscopy (Olympus BX51 a magnification of x1000, scale
bar 500 pm), high-resolution transmission electron micros-
copy (HRTEM, FEI Tecnai 12 G* TWIN TEM.), scanning elec-
tron microscopy (SEM, JEOL JSM-7400F), and scanning probe
microscopy (SPM) in torsional resonance (TR), a noncontact
technique (Digital Instruments Veeco, Dimension 3100 SPM).
In this mode, lateral forces that act on the tip cause a change
in the torsional resonant frequency, amplitude, and/or phase
of the cantilever. AFM measurements at TR enable low-force
scanning while maintaining the tip in the near-field and
thus enabling the scanning of a soft sample such as P3HT-
based fibers.

The specimens for TEM analysis were prepared by direct depo-
sition of the electrospun nanofibers onto a copper grid coated
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by a holey carbon film. In some of the samples, the composite
fibers were etched using reactive ion etching with oxygen as
the reactive gas. The exposure time ranged from 30 to 180 s.

Absorption and photoluminescence measurements (transmit-
tance mode) were carried out using Varian Cary 100 spectro-
photometer and Varian CARY ECLIPSE. Lambda 1050 UV/
Vis/NIR narrow band spectrophotometer (PerkinElmer)
equipped with 150-mm integrating sphere were used for
measurements of P3HT fibers in the diffuse reflectance
mode. For these measurements, the fibers were collected on
gold-coated silicon wafer.

RESULTS AND DISCUSSION

Electrospinning was recently used for preparation of poly-
mer-CNT composite nanofibers. It is known that the sink
flow and the high extension of the electrospun jet align the
nanotubes during the process when the SWNT are well dis-
persed in the polymer solution used for spinning.?*?> Thus,
special emphasis was devoted to the preparation of high-
quality dispersions.

Preparation of Dispersions

Dispersions of SWNT were prepared using a hexa-p-phenyl-
ene polyethylene oxide triblock copolymer, (PEO),(Ph)e
(PEO), (where n = 8, 24, and 44) in chloroform, following the
procedure described above. As shown in a previous study,?®
the tailor-made block copolymer enables the preparation of
stable, ink-like dispersions of individual SWNT in organic sol-
vents [Fig. 1(a,b)] that are stable for long periods of time.

TEM of dried samples [Fig. 1(b)] and cryo-TEM imaging of
the dispersions indicate that the dispersion mostly comprises
individual SWNT. The need to preserve the electronic struc-
ture of the pristine SWNT excludes the use of covalently
functionalized SWNT as functionalization transforms sp?-
bonded carbons into sp?, and results in localization of the 7
electrons.?® Steric repulsion among physically adsorbed poly-
mers as described here does not impair the electronic struc-
ture of the pristine tubes.?”

Fibers of P3HT

To test the effect of electrospinning on the packing efficiency
and crystallinity of the polymer, P3HT fibers were spun from a
chloroform solution of P3HT. As reported before,?* the addition
of a high-molecular weight flexible polymer to the P3HT solu-
tions is necessary for the onset of a stable jet and the forma-
tion of fibers. In this study, we used a low concentration (0.02-
0.04 wt %) of a high molecular weight PEO (M,, 4,000,000 g
mol_l, Aldrich; C/C* is between 1.5 and 2.4). Continuous, long
fibers of micrometric diameter were collected [Fig. 2(a,b)].

The absorption of pristine P3HT fibers collected on gold-
coated glass was investigated and compared to that of spin-
cast P3HT films (final thickness of 300 nm), prepared
from the very same solution used for the spinning.
As observed in Figure 2(c) Amax (films) = 515 nm while
Amax (fibers) = 580 nm. The observed red-shift in the
absorption spectra of the P3HT fibers at round 600 nm, when
compared with the spin-coated films, is indicative for a longer
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FIGURE 1 (a) Solutions in chloroform of (A) PSHT M,, 55-60,000
(3 wt %), (B) PCBM (5 wt %), and (C) a dispersion of SWNT (1 wt
%) in an anhydrous chloroform solution of (PEO)g(Ph)g(PEO)g (2
wt %). Similar dispersions were obtained using (PEQO)4s (Ph)g
(PEOQ)44. (b) A TEM image of SWNT dispersion (1 wt %) in a
chloroform solution of (PEO)g(Ph)g(PEQ)g (2 wt %).

conjugation length and a reduction of the steric hindrance
due to alkyl side chains. Both result from the strong stretch-
ing and elongation of the polymer chains during the spinning
process® and lead to a closer packing of the chains in the
fibers when compared with the films.?° Furthermore, SPM
images [Fig. 2(d)] show features that may be interpreted®’ as
mesoscale ordered isolated microwires and whiskers. Crystal-
lization along the draw axis is expected to occur due to the
stretching of the confined polymer chains in the fibers.!

Fibers of PCBM-P3HT

When attempting to electrospin mixtures of P3HT and PCBM,
the mixtures strongly aggregated, and rather than forming
uniform cylindrical-like fibers, beading was observed. As pre-
sented in Figure 3(a), the beads were of macroscopic size
and appeared at a high frequency along the fibers.

It is known®? that the solution properties such as viscosity,
viscoelasticity, surface tension, and electrical conductivity, as
well as the flow rate, affect the morphology and diameter of
the fibers, as well as the stability of the electrospinning pro-
cess. We hypothesized that the beads present in the fibers
are due to nanoparticles agglomerations in the PCBM-P3HT
mixture under the spinning conditions. To mediate the inter-
facial interactions, the hexa-p-phenylene polyethylene oxide
triblock copolymer, (PEO),(Ph)¢(PEO), used for dispersion of
SWNT was added to the PCBM-P3HT mixture, at a similar
concentration used for SWNT dispersions (2 wt %). Indeed,
we found that bead-free micron long fibers could be formed,
as presented in Figure 3(b).

Fibers of SWNT-PCBM-P3HT

Fibers of SWNT-PCBM-P3HT were prepared by electrospinning
dispersions of the three components in chloroform solutions of
the block copolymer (PEO),,(Ph)s(PEO),. We found that predis-
persion of the SWNT in solutions of the block copolymer fol-
lowed by addition of a solution of the predissolved PCBM and
a solution of the predissolved P3HT enabled the formation of
micron long fibers with a diameter ranging between 0.5 and
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FIGURE 2 Images of P3HT-PCBM (5 wt %)-SWNT (1 wt %) fibers prepared via electrospinning following the procedure described
in the text. (a) Optical image of fibers collected on glass, scale bar 50 um. (b) SEM image of a fiber. (c) Absorption of P3HT films
(blue) and fibers (red) prepared from a solution of 3 wt % P3HT and 0.02 wt % PEO in anhydrous chloroform. Films were spin
coated onto glass substrates to a final thickness of about 300 nm. (d) Scanning probe microscopy (SPM) image taken in torsional
resonance, a noncontact technique, of fibers collected onto a silicon wafer. Topography (left, Z range 2000 nm) and phase (right, Z

range 30°). The full scale is 2 um.

2 um, depending on the relative concentrations of the differ-
ent components, as presented in Figure 4(a).

The TEM images presented in Figure 4(b,c) substantiate the
presence of SWNT in the three-component fibers. As the con-
trast between the conjugated polymer and the SWNT is not
high enough, we used oxygen plasma to sputter away most
of the fiber. Figure 4(b,c) demonstrate the presence of small
bundles of SWNT. Indeed, previous studies** indicate that

well-dispersed CNT may be incorporated as individual ele-
ments mostly aligned along the nanofiber axis in aqueous
solutions of spinnable polymers.

Photoluminescence in P3HT, P3HT-PCBM,

and P3HT-PCBM-SWNT Fibers

Photoluminescence (PL) spectra of different fibers were
measured to probe the electronic interactions among the
components. The PL spectra of pristine P3HT films and fibers

FIGURE 3 (a) An optical image of P3HT-PCBM fibers prepared from a solution, which does not contain the dispersing block
copolymer (b) An optical image of fibers prepared from dispersions of P3HT + PCBM (5 wt %) + block-copolymer (2 wt %). The
concentrations of the additives are normalized to 30 mg mL~" P3HT.
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FIGURE 4 EM images of PBHT-PCBM (15 wt %) — SWNT (1 wt %) + block-copolymer (2 wt %) fibers. (a) SEM image showing the
as-spun fiber. (b) HRTEM image following oxygen sputtering of the collected sample. The arrow points to a SWNT embedded in
the fiber. (c) A HRTEM image showing a SWNT bundle (white arrow) embedded within a P3HT fiber. The concentrations of the

additives are normalized to 30 mg mL~"' P3HT.

are shown by curves 1 and 2, respectively, in Figure 5(a). The
introduction of 33 wt % of PCBM into the P3HT films and
fibers [curves 3 and 4 in Fig. 5(a)] are demonstrated to result
in a significant quenching of the PL in both samples. The PL
spectra for fibers of PCBM-P3HT-block-copolymer and
SWNT-PCBM-P3HT-block-copolymer [Fig. 5(b)] show a simi-
lar trend. Figure 5(c) shows that the reduction in PL intensity
increases with increasing PCBM concentration in the fibers. In
a “conjugated polymer-fullerene” system, these findings are

To summarize, we demonstrated the preparation of SWNT-
PCBM-P3HT fibers via electrospinning and characterized
their structure and spectroscopic properties. The formation
of these functional fibers was enabled by the utilization of a
triblock copolymer (poly(ethylene oxide)-(hexa-p-pheny-
lene)-poly(ethyleneoxide)) for mediating the interactions
among the PCBM and SWNT in the solution used for spin-
ning. In the presence of the block copolymer, the spinning
process results in the formation of long uniform fibers with

known to indicate an efficient electron transfer at the poly-
mer-PCBM interface.®® These results suggest that the pres-
ence of the block-copolymer does not affect the efficiency of
the electron transfer at the P3HT-PCBM interface in PCBM-
P3HT and SWNT-PCBM-P3HT fibers.

a typical diameter below a micron. The findings presented
here indicate that flow-induced stretching of the P3HT chains
together with the incorporated SWNT along the fiber that
result in a red-shift in the absorbance spectra of the fibers,
may indicate an increased ordering of the polymer in the
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FIGURE 5 PL spectra (excited at 452 nm) of different sets of P3HT-based fibers and films. (a) Curve 1, P3HT film; curve 2, P3HT
fiber; curve 3, film of (P3HT + 33% PCBM); curve 4, fiber of (P3HT + 33 % PCBM). (b) Curve 1, fiber of [P3HT + block-copolymer (2
wt %)], curve 2, fiber of [P3HT + PCBM (5 wt %) + block-copolymer (2 wt %)]; curve 3, fiber of [P3HT + PCBM (5 wt %) + SWNT (1
wt %) + block-copolymer (2 wt %)]. (c) Fibers of [P3HT + Block-copolymer (2 wt %) + different concentrations of PCBM]: curve 1, 5
wt % of PCBM; curve 2, 25 wt % of PCBM, curve 3, 40 wt % of PCBM. Concentrations of the additives are normalized to 30 mg
mL~" P3HT.
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fibers when compared with spin-cast films. The strong PL
quenching in the SWNT-PCBM-P3HT fibers points out to the
efficient charge transfer in these nanocomposites.

These findings may open a novel research avenue for the uti-
lization of fibers of functional nanocomposites, in particular,
in BH] OPV cells. For instance, it makes possible to unify in a
single solar panel, the three recently suggested strategies in
OPV development: BH] solar cells based on individual
fibers®?; photovoltaic textile-based solar panels,®*** and OPV
cells with conductive mesh grids (ITO-free devices).?>3¢
Figure S1 (in Supporting Information) illustrates a possible
example of such device architecture.

The development of such or similar fiber-based devices will
raise new research challenges, the most important of which
deal with optimization of the fiber diameter in connection
with their electrical and mechanical properties. The thick-
ness of the photoactive layer in conventional BH] cells is
usually of ~100 nm. This thickness reflects a trade-off
between the light absorption and poor electronic transport.
Although the introduction of CNT and the corresponding
modification of electronic transport in the cell photoactive
layer may shift the result of this trade-off toward higher
thickness, optimization of the technological conditions to
produce fibers with smaller diameters should be an impor-
tant topic in further research. On the other hand, the princi-
ple of BHJ allows to increase the thickness of blend films for
maximizing the sunlight absorption if an optimum charge
percolation path can be still maintained.?”*® In particular,
Lee et al.*® demonstrated recently a half-a-micron thick effi-
cient P3HT:PCBM BH] cell.
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