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ABSTRACT: In this work, we examined the reasons underlying the humidity-induced -
morphological changes of electrospun fibers and suggest a method of controlling the electrospun T
fiber morphology under high humidity conditions. We fabricated OPV devices composed of \
electrospun fibers, and the performance of the OPV devices depends significantly on the fiber

morphology. The evaporation rate of a solvent at various relative humidity was measured to

investigate the effects of the relative humidity during electrospinning process. The beaded
nanofiber morphology of electrospun fibers was originated due to slow solvent evaporation rate
under high humidity conditions. To increase the evaporation rate under high humidity
conditions, warm air was applied to the electrospinning system. The beads that would have
formed on the electrospun fibers were completely avoided, and the power conversion efliciencies

of OPV devices fabricated under high humidity conditions could be restored. These results highlight the simplicity and
effectiveness of the proposed method for improving the reproducibility of electrospun nanofibers and performances of devices
consisting of the electrospun nanofibers, regardless of the relative humidity.
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B INTRODUCTION

Electrospinning is a facile and effective method for processing
solutions into continuous fibers having diameters that can range
from a few nanometers to a few micrometers.”” The high
aspect ratios and surface areas of electrospun fibers render them
useful for a variety of applications, including membranes,’
batteries,** and catalysts.® The electrospinning technique was
recently applied toward the preparation of electronic devices,
such as organic thin film transistors,”® sensors,”'® and organic
photovoltaic (OPV) devices'"'* based on conjugated polymer
nanofibers. One-dimensional materials with high aspect ratios
have several advantages over conventional film-based materials
in electronic devices: one-dimensional materials (1) form a
continuous charge transport pathway,'>'* (2) provide
enhanced electrical properties,'> and (3) offer a high surface
area.”'* Conjugated polymer nanofibers prepared by electro-
spinning technique, therefore, can contribute to the preparation
of high-performance devices. For OPV devices, a large surface
area at the heterojunction of the electron donor and acceptor is
required to facilitate the effective dissociation of electron—hole
pairs, called excitons.'® Therefore, electrospun conjugated
polymer nanofibers are useful for improving the performances
of OPV devices.'"'* Moreover, the continuous shape of the
electrospun fibers facilitates dissociated charge transport.
Exciton dissociation and charge transport in an active layer
can directly influence the photocurrent in OPV devices.
Electrospun OPV devices exhibit an enhanced short-circuit
current (Jsc) and enhanced power conversion efficiency."
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The reproducibility of a device is an important issue in the
fabrication of OPV devices.'”'® Because the performance of
electrospun OPV devices significantly depends on diameter of
the electrospun fibers,""'> the reproducibility of the devices is
determined by the reproducibility of the electrospun fibers.
However, the diameter and shape of the electrospun fibers are
known to change under different atmospheric conditions, such
as different temperatures and relative humidity (RH)
levels.'””>* This is an important issue in relation to
electrospinning research, as reducing the humidity during a
humid season is difficult. Therefore, the preparation of
morphologically controlled fibers which are insusceptible to
the RH should be accomplished to obtain highly reproducible
devices. Otherwise, changes in the ambient conditions would
induce differences in the properties of products prepared using
electrospinning techniques, and this reduces the reliability of
the electrospinning process as a practical fabrication procedure
for various devices such as batteries, supercapacitors, sensors,
and OPV devices. Although a scientific approach to manage the
influence of the humidity is required, a typical solution to
reduce the effect of the humidity is to build a well-designed
chamber system that prevents the commercialization of
electrospinning due to the high fabrication cost.

In this work, we present a simple and inexpensive process
that improves the reproducibility of fibers and their photo-
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voltaic performance regardless of the RH. We investigated the
influence of the humidity level on the morphology of
electrospun fibers and variations of the photovoltaic perform-
ances of electrospun fibers induced by morphological changes.
The term, morphology, used in this work does not correspond
to the morphology at the atomic level used in the OPV research
field,*>** but rather corresponds to the shape and structure of a
fiber used in the electrospinning research field. It was found
that the morphology of electrospun fibers was determined by
the evaporation rate of the solvent. On the basis of this result,
warm air was applied to increase the evaporation rate of the
solvent, and the morphology and photovoltaic performance
were successfully controlled under high humidity conditions.
This system can enhance the reproducibility of electrospun
fibers with an inexpensive apparatus, leading to the practical use
of electrospinning for not only OPV devices but also for other
applications.

B EXPERIMENTAL SECTION

Poly(3-hexylthiophene) (P3HT; Mw 50000; Rieke metal), poly-
(ethylene oxide) (PEO; Mw 900000; Aldrich), poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Cle-
vios P VP Al 4083, H.C. Stark), [6,6]-phenyl-C¢,-butyric acid methyl
ester (PCBM; Nano-C), chloroform (Aldrich), acetic acid (Aldrich),
N,N’-dimethylformamide (DMF; Daejung, Korea), acetonitrile
(Aldrich), titanium isopropoxide (Aldrich), methanol (Aldrich), and
dichloromethane (Aldrich) were purchased and were used without
further purification.

The electrospinning process is described in a previous paper.'’ A
solution containing 0.35 wt % PEO and 0.15 wt % P3HT, dissolved in
chloroform was stirred at 50 °C for 6 h. A polar cosolvent consisting of
acetic acid and DMF (in a molar ratio of 2:1) was added to the
solution (in a 1:8 weight ratio). The electrospinning dope solution was
loaded into a syringe connected to a metal needle (gauge no. 28, inner
diameter 0.18 mm) nozzle and was electrospun at a feeding rate of 1.0
mL/h in air. A bias voltage of 25 kV was applied to the metal needle,
and the distance from the nozzle to the grounded collector plate was
fixed at 21 cm (denoted PBHT@PEO composite nanofibers). Uniform
electrospinning was achieved by reciprocating the collector glass plate
and the needle nozzle using a 3-axis robot. The as-spun P3SHT@PEO
composite nanofibers were exposed to acetonitrile 4 times for 30 min
periods to remove any PEO. Finally, virgin P3HT nanofibers were
obtained. Warm air was applied to the electrospun fibers using a small
heater (MFH-3615, JL Home) during the electrospinning process.

To prepare the electrospun OPV device, ITO/glass substrates were
cleaned by sonication in a detergent, acetone, and isopropanol. The
ITO substrates were then treated with UV/ozone for 15 min, after
which PEDOT:PSS was spin-cast at 5000 rpm for 40 s. The
PEDOT:PSS films were dried at 150 °C for 15 min. A 10 nm P3HT
layer was then spin-coated onto the PEDOT:PSS layer as a buffer
layer. PSHT@PEO composite nanofibers were directly electrospun
onto the PEDOT:PSS film, and the PEO was subsequently removed
using acetonitrile. A PCBM layer was spin-cast onto the active layer at
5000 rpm for 20 s from a dichloromethane solution with a
concentration of 16 mg/mL. A TiO, precursor solution was prepared
as described previously.>® The solution was spin-cast onto the top of
the active layer at 5000 rpm for 40 s. A 100 nm-thick aluminum
cathode was then deposited using a thermal evaporator. The devices
were heat-treated at 150 °C for 30 min under a vacuum.

The morphologies of the PBHT@PEO composite nanofibers and
the virgin P3HT nanofibers were examined using a field emission
scanning electron microscope (FESEM; JEOL JSM-6700F) operated
at an accelerating voltage of S kV. The photoluminescence (PL)
properties were examined at an excitation wavelength of 470 nm using
an LS-5S (PerkinElmer). The evaporation rate was evaluated in an
electrospinning chamber based on the measured weight change. The
power conversion efficiency (PCE) values of the devices were
determined using a K3000 instrument (McScience).
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B RESULTS AND DISCUSSION

We initially investigated the effect of the RH on the
morphology of electrospun fibers and the photovoltaic
performance of the electrospun fibers. The photovoltaic
performance was characterized on the basis of the electrospun
OPV devices reported in our previous paper.'> The structure of
these devices is ITO/PEDOT:PSS/P3HT film/P3HT nano-
fiber/PCBM/TiO,/Al; thus, the morphology of the P3HT
nanofibers significantly influences the performances of OPV
devices. The effects of humidity on the electrospinning process
were explored by electrospinning the nanofibers under different
ambient conditions (20%, 30%, 40%, and 50% RH).

Figure 1 shows SEM images of P3HT@PEO composite
nanofibers obtained from identical spinning dope solutions.

Figure 1. SEM images of electrospun P3HT@PEO composite fibers
prepared at (a) 20%, (b) 30%, (c) 40%, and (d) 50% RH.

The average diameter and standard deviation of the nanofibers
are summarized in Table 1 and Figure 2. The electrospun

Table 1. Variations in the Diameters of the Electrospun
Fibers and Beads as a Function of the RH

RH (%) diameter of fibers (nm) diameter of beads (nm)
P3HT@PEO Composite Nanofibers

20 118.8 + 19.5

30 83.3 + 184 186.8 + 47.7
40 60.3 + 26.8 2414 + 49.1
50 443 + 133 301.5 + 48.1

P3HT Nanofibers

20 81.2 + 15.6

30 63.5 + 122 130.2 + 31.1
40 49.8 + 94 191.3 + 359
50 38.1 + 4.1 250.6 + 37.7

P3HT@PEO composite fibers clearly differed in terms of their
morphologies. Such a phenomenon is not only observed in
PEO, a water-soluble polymer, but is also similarly observed in
a water insoluble polymer, poly(e-caprolactone) (Supporting
Information Figure S2). The electrospun fibers fabricated at a
higher RH tended to have a beaded morphology (shaped like
“beads on a string”), and the fiber diameter tended to be
thinner. We were able to investigate the morphology of the
P3HT nanofiber after using acetonitrile, as presented in our
previous study,'"'* to successfully remove PEO from the
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Figure 2. Variations in the diameters of the electrospun fibers and
beads as a function of the RH.

P3HT@PEO composite fibers. After the PEO had been
removed from the composite fibers, the beads still remained
on surfaces of the fibers (Figure 3). A beaded morphology can

400 nm

Figure 3. SEM images of electrospun P3HT fibers prepared at (a)
20%, (b) 30%, (c) 40%, and (d) S0% RH.

be useful in some applications, but it was undesirable for the
OPV cells prepared here. The average diameters of some of the
beads on the fibers prepared at 50% RH exceeded 300 nm and
were thicker than the active layer of the OPV device. The beads
on the P3HT fibers would act as an aggregation region of the
active layer. Aggregated regions in a bulk heterojunction
structure reportedly reduce the efficiency of the cell.®
Reducing the humidity was found to help reduce the number
and size of the beads. These beads were not observed in
electrospun fibers prepared at 20% RH.

We have investigated the degree of crystallinity of the
obtained P3HT nanofibers in order to eliminate the possible
change in the performance of OPV devices due to a decrease
induced by the degree of crystallinity other than morphology.
Consistency in the degree of crystallinity was seen regardless of
humidity (Supporting Information Figure S3), showing that the
morphology of P3HT nanofibers have a direct relationship with
the performance of the OPV device.

As a feasibility test of OPV devices, the PL test is an
appropriate method with which to check for successful exciton
dissociation. When excitons successfully are diffused to the
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interface between P3HT fibers and PCBM, the excitons are
dissociated and PL is not observed. However, if the P3HT
fibers are too thick to be diffused onto the interface, the
excitons will be recombined and generate PL. The beadless
P3HT fibers and beaded P3HT fibers would show the different
exciton dissociation behavior. We spin-cast a PCBM layer onto
P3HT fibers prepared under two conditions (20% RH and 50%
RH) and examined the PL properties to observe the exciton
dissociation. Figure 4 shows the PL of the P3HT fiber and the
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Figure 4. PL properties of the virgin P3HT nanofibers and the
composite films composed of PCBM and virgin P3HT nanofibers.

P3HT fiber/PCBM films. The P3HT showed a PL peak at 650
nm which was quenched after PCBM was coated onto the
P3HT nanofibers. This is evidence of successful exciton
dissociation in P3HT nanofibers. However, the P3HT
nanofibers prepared at 50% RH still showed PL after the
PCBM coating process. Due to the large diameter of the beads,
some excitons recombined before diffusing into the interface
between P3HT and PCBM. This result indicated that
morphology of the P3HT nanofibers influenced the exciton
dissociation state.

Because the above PL and SEM results show that the change
in humidity induces the morphological change in the P3HT
electrospun nanofibers and because such morphological change
affects the exciton dissociation behavior, it can be predicted that
P3HT electrospun nanofiber based OPV devices will also show
a change in performance according to the humidity exposed.
Before fabricating nanofiber based OPV devices, it is necessary
to examine if humidity gives any other influences to the OPV
device. For example, water vapor molecule could induce
material degradation or oxidation of the electrode.”” In order to
observe the reason for decrease in the device performance,
bilayer devices composed of P3HT/PCBM were fabricated and
was investigated whether humidity is an influence to the device.
Other than being topped with a spin-cast P3HT film instead of
an electrospun P3HT nanofiber, such bilayer devices share the
same fabrication condition with electrospun OPV devices,
fabricated in air atmosphere of 20% RH and 50% RH. The two
bilayer-structured OPV devices showed similar performance
levels (Supporting Information Figure S1). This result suggests
that, for general reference OPV devices, the humidity in the
fabrication process does not affect the performance signifi-
cantly. In other words, if electrospun OPV devices fabricated at
various humidity conditions show a different performance, then
it means that it is solely caused the morphological change of
electrospun P3HT nanofibers.
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The effects of the fiber morphology on the performances of
OPV devices prepared from electrospun P3HT nanofibers
fabricated under the ambient conditions listed in Table 2 were

Table 2. Performances of the OPV Devices Prepared Using
P3HT Nanofibers with Various Diameters

RH (%) Voc (V) Jsc (mA/cm?) FF PCE (%)
20 0.604 7.00 50.2 2.12
30 0.546 S.12 45.0 1.26
40 0.497 4.01 37.7 0.75
S0 0.439 2.19 30.9 0.30

explored. The power conversion efliciency was found to be
inversely related to the RH (Figure S). The Js¢ and fill factor
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Figure S. J—V curves obtained from the electrospun OPV devices
prepared from the P3HT nanofibers fabricated at 20%, 30%, 40%, and
50%.

(FF) values of the OPV devices depended significantly on the
RH. Poor exciton dissociation and recombination from the
large beads can lead to poor Jsc and FF values. These
experimental results indicate that the performances of the
electrospun OPV devices depended on the ambient conditions
because the morphologies of the electrospun fibers were quite
sensitive to the RH.

Previous studies reported that electrospun fibers prepared
under high RH conditions display small-diameter fibers,” large-
diameter fibers,”® porous surfaces,” or a fused morphology.'’
On the other hand, the high humidity conditions applied in the
present study resulted in the preparation of beaded electrospun
nanofibers with small diameters. Furthermore, previous studies
discussed the effect of the humidity level on an aqueous
solution system, which is an inappropriate description for the
system in this work. Because RH is defined as the ratio of the
amount of water vapor in the air to the saturating amount of
water in the air at a specific temperature, a high partial pressure
of water vapor in the air at a high humidity can prevent the
evaporation of water during electrospinning. Slow evaporation
is thought to allow a water-based spinning dope solution
sufficient time to stretch, thereby producing fibers with small
diameters. On the other hand, a longer stretching time could
provide time to form beads due to Rayleigh instabilities in the
solution. A small fiber diameter and the formation of beads
appear to be inseparable features of the electrospinning
technique. The experimental results in this study supported
these general principles.
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The discussion presented in the previous section relied on
the fact that the water evaporation rate depends on the
humidity; however, the solvent used in the electrospinning
system discussed here was chloroform. It was not clear whether
the evaporation rates of solvents other than water were affected
by the RH. Because RH is a value defined by the amount of
water vapor, it is necessary to verify whether the water vapor
affects the evaporation rate of other solvents. Nevertheless,
alcohol-based spinning dope solutions have been known to spin
fibers with small diameters at a high RH,* suggesting that the
alcohol evaporation rate is also influenced by the RH. Changes
in the alcohol evaporation rate may be induced by the
adsorption of water molecules to the surface of the alcohol at
high humidities.”® The adsorption of water molecules may also
occur on surface of the chloroform solution, thereby preventing
the evaporation of the chloroform. To the best of our
knowledge, the RH-dependent chloroform evaporation rate
has not previously been investigated. We therefore measured
the evaporation rates of water, ethanol, and chloroform under
different RH conditions to investigate the effects of RH on the
three solvents. Table 3 and Figure 6 present the evaporation

Table 3. Variations in the Solvent Evaporation Rate under
Different RH Conditions

RH (%) chloroform (g/s m*)  ethanol (g/s m?) water (g/s m?)
20 0.829 + 0.036 0.189 + 0.006 0.0364 + 0.0025
30 0.684 + 0.024 0.146 + 0.005 0.0303 + 0.0021
40 0.655 + 0.026 0.138 + 0.005 0.0271 + 0.0027
S0 0.644 + 0.020 0.133 + 0.005 0.0246 + 0.0029

2
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Figure 6. Variations in the solvent evaporation rate under different RH
conditions.

rates of the three solvents at 20, 30, 40, and 50% RH. Because
the vapor pressure of the chloroform is smaller than that of
ethanol and water, chloroform showed the highest evaporation
rate under all conditions. The high chloroform evaporation rate
formed beadless electrospun fibers from a low spinning dope
solution concentration (~0.35 wt %). A humidity-dependent
evaporation rate was observed for both chloroform and ethanol,
as well as for water. All solvents examined in this experiment
exhibited low evaporation rates under high RH conditions.
These results indicated that the water molecules in the ambient
atmosphere prevented the evaporation of water as well as other
solvents. These results suggested that high humidity conditions
provide spinning dope solutions ample time for stretching and/
or bead formation before the fiber morphology sets (Scheme
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1a). This effect is observed for both aqueous and nonaqueous
dope solutions.

Scheme 1. (a) Schematic of Electrospinning Process under
Low (left) and High (right) RH and (b) under a Heater
System

(a)
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Some studies have reported that the diameters of electrospun
fibers fabricated under high humidity conditions are consis-
tently small with uniform morphologies.22 In this experiment,
however, both the diameter and morphology of the fibers were
observed to differ under low and high RH conditions. A 0.35 wt
% dope solution was a critical concentration for the creation of
a beadless morphology; therefore, slight changes in the
conditions may induce significant morphological changes.
Indeed, fibers electrospun from a 0.5 wt % PEO solution
formed few beads on the fibers, even at a high RH (Supporting
Information Figure S4), despite the longer drying time, because
the high viscosity of the 0.5 wt % PEO solution (21.09 cP)
compared with the 0.35 wt % solution (9.53 cP) resisted the
formation of beads. Highly concentrated spinning dope
solutions are generally not appropriate for the preparation of
nanofibers.

The high-RH conditions reduce the solvent evaporation rate
and enable the generation of beads on the electrospun fibers. A
high evaporation rate is necessary for the production of bead-
free electrospun fibers; however, expensive systems are required
for the maintenance of a very low RH (<20%) during a humid
season, thereby undercutting one of the primary merits of the
electrospinning technique. Blowing warm air across the fibers
during electrospinning provides an alternative method for
increasing the evaporation rate of the solvent. Heated air
streams have been used in conventional dry spinning systems to
induce the rapid evaporation of solvents. We simply directed
warm air (50 °C) over the electrospinning system using a small
heater and increased the evaporation rate of the chloroform to
2.15 g/s m* This rate exceeded the evaporation rate obtained
at 20% RH, suggesting that the beadless morphology may be
achieved under high humidity conditions using a facile and
inexpensive system. Figure 7 shows the morphologies of the
electrospun fibers fabricated using the heater under high
humidity conditions. The beads were completely absent from
the fiber surfaces, and the average fiber diameter was similar to
the diameters of fibers obtained at 20% RH. This result clearly
indicated that the simple heating system can address the poor
reproducibility of the electrospinning technique under high
humidity conditions. A schematic of rapid evaporation and
formation of beadless fibers under a heater system is illustrated
in Scheme 1b.
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Figure 7. SEM micrographs of the P3BHT@PEO composite fibers
prepared from spinning dope solutions having (a, b) 0.35 wt % PEO
concentrations at 50% RH, and (c, d) 0.3 wt %, or (e, f) 0.25 wt %
PEO concentrations at 20% RH, under a heater system (b, d, f) or
without the system (a, ¢, e).

We assumed that the slow solvent evaporation rate under
high RH conditions provided ample time for the formation of
beads due to the Rayleigh fluid instabilities. If this assumption
were correct, the high evaporation rate achieved using the
heater system was expected to prevent the formation of beads
on the electrospun fibers prepared from spinning dope
solutions with concentrations lower than 0.35 wt %, which
marks the concentration threshold for transitioning from
beadless (concentrations exceeding 0.35 wt %) to beaded
(concentrations less than 0.35 wt %, Figure 7c,e) fibers at 20%
RH. Indeed, beads formed on the fibers electrospun from 0.3
and 0.25 wt % solutions but were absent or reduced from the
fibers prepared from the same solutions under the application
of the heater system (see Figure 7d,f). The concentration
threshold for bead formation depended sensitively on the
evaporation behavior and could be controlled through
systematic tuning. This approach has practical significance for
fibers prepared from spinning dope solutions having low
concentrations as a result of other processing constraints, such
as limited polymer solubility.

OPV devices prepared using the electrospun fibers were
tested to measure the influence of the morphological changes
on the OPV performance. The nanofibrous OPV devices
prepared using the heater system and the OPV devices
prepared at 20% RH exhibited similar performances (Figure
8). Figure 8 clearly indicates that the heater system successfully
recovered the device performance. Application of the heater
system under high humidity conditions increased the Jsc and
power conversion efficiency from 2.19 mA/cm” and 0.30% to
7.01 mA/cm? and 2.07%, respectively. In order to check if the
change in the degree of crystallinity is influenced by the heater,
the structural characteristics of P3HT fiber electrospun under

DOI: 10.1021/am508250q
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Figure 8. J—V curves obtained from the electrospun OPV devices
prepared from the P3HT nanofibers prepared at 20% RH or with
heating system at 50% RH.

the heater system were analyzed (Supporting Information
Figure S3). Practically, hot air flow is not applied to the
deposited electrospun fiber continuously, but is rather only
applied during spinning; therefore, it does not affect the
crystallinity greatly. The method proposed in this study
successfully recovered the morphology of the electrospun
fibers and their photovoltaic performances as listed in Table 4.
It should be noted that the effects of the active layer P3HT
morphology on the photovoltaic performance might also be
investigated using the application of heat as a means for
controlling the morphology. This system may be applied to any
application that relies on electrospun fibers, to improve the
reproducibility or prepare bead-free fibers under high humidity

conditions.

B CONCLUSIONS

We investigated the effects of the humidity on the
morphologies of electrospun fibers and the performance of
OPV devices. A high humidity was found to reduce the solvent
evaporation rate, whether the solvent was chloroform or water.
Low evaporation rates induced Rayleigh instabilities that
generated beads on the surfaces of the electrospun fibers.
OPV devices prepared using beaded fibers exhibited a poor
device efficiency due to low Jsc and FF values. The application
of warm air onto the electrospinning system during operation
enhanced the solvent evaporation rate and prevented the
formation of beads on the electrospun fibers. OPV devices
prepared using the beadless P3HT nanofibers displayed high
Jso, FF, and power conversion efficiencies.

The results of this study revealed that the evaporation rate
depended on the ambient conditions and significantly
influenced the morphology of the electrospun fibers, thereby
reducing the reproducibility of the method. The heating
method proposed here is simple, inexpensive, and effective for
recovering the beadless morphologies of electrospun fibers,
even under high humidity conditions, by increasing the
evaporation rate. Most importantly, this system can be used

in both OPV devices and in OTFTs, sensors, and other
applications employing electrospun nanofibers.
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