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Uniaxially-aligned sulfonated polyimide (SPI) nanofibers 
fabricated by an electrospinning method showed ultra-high 
proton conductivities above 1 S cm-1 at 30-90°C and 95%RH. 
Higher applied voltage between the parallel electrodes during 
the electrospinning process gave higher proton conductive 
SPI nanofibers due to the formation of effective proton 
conduction pathway by molecular orientation in the 
nanofibers.  

Polymer electrolyte fuel cell directly converts chemical energy into 
electrical energy with a high efficiency and low emission of 
pollutants, and is one of the most promising power sources for 
portable, stationary, and automotive applications.1 Proton exchange 
membrane (PEM), a key component in fuel cell systems, requires 
high proton conductivity, low gas permeability, and chemical 
stabilities.2 Perfluorosulfonated membranes such as Nafion have 
been widely used because of their excellent oxidative and hydrolysis 
stability as well as high proton conductivity.3 Recently several 
researches have indicated that scaling down Nafion to the nanometer 
size scale may impact its properties and subsequently its 
performance in devices. For example, Nafion nanofibers prepared 
through an electrically charged jet of a polymer solution 
(electrospinning) have shown unique properties. Snyder and Elabd 
reported on the improvement of fuel cell performance due to 
electrospun Nafion nanofibers that form in fuel cell electrodes.4 Zhu 
and co-workers demonstrated improved fuel cell performance with a 
Nafion nanofiber-based fuel cell.5 Other researchers also reported on 
the benefits of Nafion nanofibers in fuel cells.6 Recently, proton 
conductivity of a single Nafion nanofiber with 400 nm diameter was 
measured to be 1.5 S cm-1 at 30°C and 90%RH, which is an order of 
magnitude higher than the bulk Nafion film (∼0.1 S cm-1).7 However, 
these nanofibers have not been fabricated from the pure Nafion 
because of its too low polymer chain entanglement in solvents to 
from nanofibers by the electrospinning method. Therefore, high 
molecular weight poly(ethylene oxide) or poly(vinyl alcohol) was 
required as a spinning aid to give Nafion nanofibers. Besides, Nafion 
and other perfluorosulfonated ionomer membranes have limitations 
on their high cost, low thermal stability due to their low Tg, and low 
gas barrier properties for future fuel cell applications. 

For past decades, much effort has gone into the development of 
novel polymer electrolyte membranes based on the sulfonated 
aromatic hydrocarbon polymers, which have been widely 
synthesized as alternate candidates due to their excellent chemical, 
thermal, and mechanical stabilities.8 Recently, Pintauro and Mather 
attempted sulfonated aromatic hydrocarbon polymer nanofibers to 
PEMs to achieve better gas barrier properties and to prevent from 
undesirable membrane swelling.9 We also reported that sulfonated 
polyimide (SPI) nanofibers-containing PEMs showed distinguished 
gas barrier properties and chemical stabilities.10 Furthermore, the 
membrane containing uniaxially-aligned SPI nanofibers showed 
higher in-plane proton conductivity along the fiber direction than the 
corresponding SPI membrane prepared by a conventional solvent 
cast method.10(a),(c) Though enhancement of through-plane proton 
conductivity of the nanofiber composite membrane is still 
challenging, the composite membrane showed better fuel cell 
performances due to its lower fuel crossover than the corresponding 
membranes without nanofibers.10(a) Similar improvement of fuel 
cells by using nanofiber-containing composite membranes have been 
reported by several groups.11 However, the properties of sulfonated 
aromatic hydrocarbon polymers on the nanoscale, such as intrinsic 
proton conductivity of the nanofibers, have not yet been addressed. 
Elucidation of the intrinsic proton conductivity on the electrospun 
polymer nanofibers and construction of optimal three-dimensional 
assembled structures with appropriate nanofibers will achieve novel 
polymer electrolyte membranes containing proton conductive 
polymer nanofibers with high through-plane proton conductivity. 

Here we first report the intrinsic proton conductive 
characteristics of sulfonated aromatic hydrocarbon polymer 
nanofibers. Uniaxially-aligned SPI nanofibers fabricated between 
two parallel collector electrodes were prepared by an electrospinning 
method, and their proton conductivities were measured at various 
temperatures and humidity. The orientation of polymer chains in the 
nanofibers were studied by attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR FT-IR) through a polarizer. 
We revealed that the applied voltage between the parallel electrodes 
during the electrospinning process affected on the proton 
conductivity of the SPI nanofibers because of the difference in 
molecular orientation in the electrospun SPI nanofibers. 

The sulfonated polyimide (SPI: 6FDA-BDSA-r-APPF, Mw = 
3.4×105, Mw/Mn = 1.8, Fig. 1) was obtained by imidation of the 
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Fig. 1 Schematic illustration of SPI (6FDA-BDSA-r-APPF) nanofibers: 
Preparation and proton conductivity measurement. 
 
precursor poly(amic acid) in the presence of benzoic acid and 
triethylamine as described in our previous paper.10(c) Ion exchange 
capacity (IEC) of the SPI in a proton form was determined to be 1.65 
meq g-1. The polymer structure and IEC values in this study were 
chosen in consideration of its proton conductivity, chemical stability, 
and nanofiber formability based on our previous study.10 The SPI 
nanofibers were prepared by the electrospinning, which is a method 
of discharging a polymer solution in air from a spinneret onto 
grounded plate collector under high voltage (V1) to produce 
nanofibers by exploiting electrostatic repulsion (F1) of the polymer 
solution (Fig. 1). In order to prepare uniaxially-aligned nanofibers, 
parallel aluminum electrodes on glass plate were used as a grounded 
collector where another high voltage (V2) can be applied between the 
parallel electrodes. The uniaxially-aligned nanofibers were deposited 
on the glass plate to bridge the two parallel electrodes by means of 
electrostatic attractive force (F2) between the parallel electrodes. The 
size and morphology of electrospun uniaxially-aligned nanofibers 
were controlled by the electrospinning conditions.12 A typical SEM 
image of the uniaxially-aligned electrospun SPI nanofibers are also 
shown in Figure 1. The image clearly demonstrated that the uniform 
nanofibers with smooth surfaces were almost uniaxially-aligned and 
were individually deposited across the gap between the aluminum 
electrodes. Ii is considered that the electrostatic forces formed 
between the charged nanofiber and the aluminum electrode 
determined the uniaxially-aligned direction of the nanofibers. 
Average diameters of the electrospun SPI nanofibers prepared by 
different V2 voltages were calculated to be 223±43, 145±29, and 
108±22 nm when the V2 were 0.5, 1.0 and 3.0 kV, respectively 
(Table 1, Fig. S1 in ESI†). 

The proton conductivities of SPI membranes and nanofibers, 
which were treated in advance with hydrochloric acid to be proton 
forms, were measured by an electrochemical impedance 
spectroscopy. Intrinsic proton conductivity () of the nanofibers 
were determined from the following equation;  = d/(a•N•R), where 
R, a, N, and d are impedance value, cross-sectional area of a single 
nanofiber, numbers of uniaxially-aligned nanofibers between the 
electrodes, and distance between the electrodes, respectively, by 
reference to the proton conductivity measurement of conventional 
polymer electrolyte membranes ( = d/(A•R), where A is conducting 
area calculated from thickness and width of the membrane). Typical  

 

 
Fig. 2 (a) Temperature dependence (at 95%RH) and (b) relative humidity 
dependence (at 90°C) of proton conductivity of the SPI nanofibers prepared 
from different electrospinning condition (V2 = 0.5, 1.0, and 3.0 kV), the SPI 
cast membrane, and the Nafion membrane. 
 
Nyquist plots of impedance measurement on the SPI nanofibers (V2 
= 3.0 kV) are shown in Fig. S2 in ESI†. 

Fig. 2 (a) shows the proton conductivities of SPI nanofibers 
prepared by electrospinning under different V2 conditions (V2 = 0.5, 
1.0, or 3.0 kV) as a function of temperature at 95%RH. The proton 
conductivities of SPI and Nafion 117 membranes were also depicted 
by way of comparison. The proton conductivities of the SPI 
nanofibers were two orders higher than those of corresponding SPI 
membranes at all the temperature ranges. This tendency that 
electrospun nanofibers have higher proton conductivity than the 
corresponding membrane coincides with the results of Nafion 
nanofibers and membranes reported before.7 The activation energies 
(Ea) of the proton conductivity on the SPI nanofibers (21 - 44 kJ mol-
1) were obviously lower than that of the SPI membrane (79 kJ mol-1) 
as summarized in Table 1. It is considered that the electrospun 
polymer nanofibers may have better proton conduction pathway than 
the cast membranes. Fig. 2(b) represents relative humidity 
dependences of the proton conductivities. The proton conductivities 
of the SPI nanofibers decreased with decreasing relative humidity, 
indicating the proton conduction in the nanofibers are also classified 
to the Vehicle Mechanism where protons transport with mediating 
with water molecules. However, the SPI nanofibers maintained 
higher proton conductivities than the SPI membrane and were 
comparable to Nafion membrane even at low relative humidities.  
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Table 1. Proton conductivities and activation energies of the uniaxially-aligned SPI nanofibers prepared form different 
electrospinning conditions, the SPI membrane, and Nafion membrane. 

 
Besides, the SPI nanofibers showed unique relative humidity 
dependency of proton conductivity, that is to say, the conductivity 
drops of the SPI nanofibers, especially the nanofibers prepared at V2 
= 3.0 kV, under low relative humidity conditions were smaller that 
of the SPI membrane. In order to compare the amounts of water 
between the nanofibers and the membrane, water uptakes of the SPI 
membrane and the SPI nanofibers (nanofibrous membrane) were 
measured as a function of relative humidity (Figure S3 in ESI†). 
Interestingly, the SPI nanofibers showed higher water uptake than 
the SPI membrane at low relative humidity. Such relatively high 
water retention in the nanofibers at low relative humidity suggests 
remarkable continuous hydrophilic proton conductive channels in 
the nanofibers. It may be originated from the hydrophilic/ 
hydrophobic phase separation in the nanofibers during the 
electrospinning process,10(a) leading suppressed conductivity drops in 
the SPI nanofibers at low relative humidity. 

It is noteworthy that the SPI nanofibers prepared from different 
electrospinning conditions (V2 = 0.5, 1.0, or 3.0 kV) showed distinct 
differences on their proton conductivities as shown in Fig. 2. The 
SPI nanofibers prepared from higher V2 voltages showed higher 
proton conductivity and lower activation energy (Table 1). It is 
thought to be due to the following two reasons: First, nanofiber 
diameters would affect their proton conductivities. Protons could 
rectilinearly transport faster in a thinner nanofiber because of its 
quasi-one-dimensional narrow conduction pathway. The previous 
study on proton conductivity of Nafion nanofibers also revealed that 
the proton conductivity increased sharply with decreasing fiber 
diameter.7 Secondly, molecular orientation in the electrospun 
nanofibers should have influence on their proton conductivities. 
Polymer nanofibers prepared from the electrospinning process are 
known to possess a distinguishing characteristic, i.e. super molecular 
arrangement effect, which leads to greater thermal stability, higher 
mechanical toughness, and faster material transport.13 For example, 
in the case of electrical conductive PEDOT:PSS-PVA nanofibers, it 
was reported the electrical conductivity of the nanofibers became 
altered by changing molecular orientation in the nanofibers.14 
Similar enhancement of material transport was also reported in 
stretched membranes where molecular orientation were induced 
along extended axis. Allahyarov and Taylor have revealed  

 

 
Fig. 3 The polarized ATR FT-IR spectra of (a) the SPI cast membrane, (b) 
the uniaxially-aligned SPI nanofibers prepared from V2 voltage of 3.0 kV, 
and (c) P polarization spectra of the uniaxially-aligned SPI nanofibers 
prepared from different electrospinning conditions (V2 = 0.5, 1.0, and 3.0 kV). 

 
correlation between structure and proton conductivity of stretched 
Nafion membrane.15 

In order to investigate molecular orientation in SPI nanofibers, 
polarized ATR FT-IR spectroscopy was used. Measurements and 
peak assignments were made on four different samples – a SPI cast 
membrane and three types of uniaxially-aligned SPI nanofibers 
prepared from different V2 voltages including 3.0, 1.0, and 0.5 kV. 
The polarized ATR FT-IR spectra of the SPI cast membrane are 
shown in Fig. 3(a), and the typical peaks are well-assigned to the SPI 
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structure (see ESI†). It stands to reason that spectral configuration 
and peak intensities of the SPI membrane for the polarized 
measurements with parallel axis (P polarization) are equivalent to 
those with perpendicular axis (S polarization), since the SPI 
membrane was amorphous and had no anisotropy. On the other hand, 
uniaxially-aligned SPI nanofibers indicated different results. The 
peak intensities for polarized measurements parallel to fiber axis (P 
polarization) were greater compared to those from the perpendicular 
measurements (S polarization) as shown in Fig. 3(b). The difference 
in the absorbance intensities between parallel and perpendicular 
polarization can be attributed to molecular orientation of the polymer 
backbone in the nanofibers. It is normally observed that intensity of 
P polarization is higher than that of S polarization when the polymer 
backbone orients along the nanofiber axis;16  therefore, the results in 
Fig. 3(b) demonstrates the molecular orientation of SPI backbone 
along the nanofibers. Fig. 3(c) represents the P polarization spectra 
of uniaxially-aligned SPI nanofibers prepared from V2 voltages of 
3.0, 1.0, and 0.5 kV. The peak intensities for the uniaxially-aligned 
SPI nanofibers became greater with increasing V2 voltages, meaning 
that higher V2 voltages gave nanofibers with higher molecular 
orientation due to electrostatic attractive force between two parallel 
electrodes. 

The polarized ATR FT-IR spectroscopy supported the proton 
conductivity enhancement in the uniaxially-aligned SPI nanofibers, 
especially in the nanofibers prepared from higher V2 voltages, due to 
the effect of molecular orientation in the nanofibers. However, as 
shown in Table 1 run 1-3, higher V2 voltages led thinner fiber 
diameters that would also effect on proton conductivity of the SPI 
nanofibers described above. Hence finally, to make clear the 
influence of V2 voltages and accompanying molecular orientation of 
the SPI nanofibers on their proton conductivities, uniaxially-aligned 
SPI nanofibers with similar fiber diameters were prepared from 
different V2 voltages by tuning other electrospinning parameters 
(Table 1 run 4). The uniaxially-aligned SPI nanofibers with 146±28 
nm diameters, which were almost equal to the SPI nanofibers with 
145±29 nm diameters from the V2 voltage of 1.0 kV (run 2), were 
prepared from the V2 voltage of 0.5 kV (run 4). As is apparent from 
Table 1, the uniaxially-aligned SPI nanofibers (146±28 nm diameter, 
V2 = 0.5 kV) showed lower proton conductivity than the nanofibers 
(146±28 nm diameter, V2 = 1.0 kV) at low relative humidity or low 
temperature. The activation energy of proton conductivity on the SPI 
nanofibers (146±28 nm diameter, V2 = 0.5 kV, run 4) was close to 
that on the SPI nanofibers (223±43 nm diameter, V2 = 0.5 kV, run 3), 
suggesting the V2 voltage and accompanying molecular orientation 
of the SPI nanofibers are more effective on the proton conductivity 
than the diameter of nanofibers. 

In conclusion, we have succeeded in evaluating proton 
conductivity of the uniaxially-aligned SPI nanofibers prepared by the 
electrospinning method using two parallel collector electrodes. 
Proton conductivity of the SPI nanofibers was higher than that of the 
corresponding SPI membrane. Besides, it was revealed that the SPI 
nanofibers prepared from higher V2 voltage between the parallel 
electrodes showed higher proton conductivity. The polarized ATR 
FT-IR supported the molecular orientation of the polymer backbone 
along the nanofiber axis enhanced the proton conductivity in the PSI 
nanofibers due to the formation of better proton conduction pathway. 
Elucidation of the intrinsic proton conductivity on the electrospun 
polymer nanofibers will help for molecular design of high-
performance polymer electrolyte membranes containing proton 
conductive polymer nanofibers for future fuel cell applications. 
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