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ABSTRACT: Proton exchange membrane fuel cells (PEMFCs) with Pt/C gas diffusion electrodes and graphite single-serpentine monop-

olar plates were constructed based on an aromatic poly(etherimide) with isopropylidene groups (PI)/imidazole (Im) and a popular

Nafion-115 matrix. The electrochemical properties of PEMFCs were tested at 25 and 608C. The maximum power density of 171 mW/

cm2 and the maximum current density of 484 mA/cm2 were detected for Nafion-115/PI membrane. For both constructed PEMFCs

the efficiency at 0.6 V was found about 41%. Immersion of Nafion-115 in PI or PI/Im increased the thermal stability and mechanical

properties of membranes. Thermal, mechanical properties and morphology of membranes were characterized by TGA, and AFM tech-

niques including force spectroscopy. Interactions between the components in composite membranes were established by FT-IR. VC 2015
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INTRODUCTION

Aromatic polyimides are one of the most important classes of

high-performance polymers. They exhibit good mechanical, ther-

mal, and optical properties for aerospace industries, optical and

electrical devices or films and membranes.1–3 Taking into consider-

ation their chemical structure, aromatic polyimides can be divided

onto five- and six-membered ring polyimides. Mainly, six-

membered ring polyimides are investigated in high temperature

(HT) polymer fuel cells (PEMFCs) because of the better stability

in fuel cell environment than five-membered ring polyimides.1–16

Low temperature (LT), Nafion membrane-based PEMFCs are

modified by various inorganic (ZrP, SiO2, TiO2, BPO4, H3PO4,

Sn0,95Al0,05P2O7-PxOy or CsHSO4
17–25 or organic additives

(imidazole, triazole, diethyl amine, triethylamine, polybenzimi-

dazoles (PBI), vinylbenzyl substituted PBI, different salt forms

of the Nafion ionomer, ionic liquid cation 1-butyl-3-

methylimidazolium or/and phosphoric acid.21,26–39

PEMFCs based mainly on sulfonated six-membered ring polyi-

mides have been reported; however, has no proton conductivity

in the absence of water, likely as Nafion.1,2,4,5 Some of the scien-

tists propose applied imidazole to polyimide membrane into

direction to improve their conductivity.1,5,14,16 For example, Pu

et al.5 studied proton conductivity of PI/H3PO4/Im blends and

showed the increase of proton conductivity along with increas-

ing temperature and content of H3PO4 or Im. However, authors

not investigated PEMFCs based on polyimide obtained from

4,40-oxydiphthalic anhydride and 4,40-diaminodiphenyl ether.

Authors conclude that it would be possible significantly increase

the operating temperature of PEMFCs by replacing water with

imidazole as proton solvent in the PI membrane.5 Pu et al.16

studies also anhydrous proton conducting of membrane based

on 2-undecylimidazole and sulfonated six-membered ring polyi-

mide. The addition of Im derivatives in PI improved the chemi-

cal oxidation stability of the composite membranes, even better

than of pure PI, and increases along with increase the content

of Im and reaches the proton conductivity 1023 S/cm at 1808C

under the anhydrous condition.

For PEMFCs, many investigations are still carried out including

such important aspects as: (i) synthesis of polymers to be used

as electrolytes in PEMFCs, (ii) optimization of the construction

of PEMFCs via modification of the electrodes, bipolar plates

and engineering processes, and (iii) evaluation of the single

PEMFC and finally the entire stack.1–3,40–49

In our previous work, we have investigated influence of poly-

benzimidazole (PBICF3),50 imidazole and 2,20-bis(4-
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aminophenyl)25,50-bibenzimidazole (BAPBI)51 on the electro-

chemical properties of Nafion-115 membrane. In the last decade

acid-base blend membranes consisting of polymer with sulfonic

groups and a basic compound with N-heterocycle groups are

one of the most promising directions for development of

PEMFCs.33,36,52,53

Water transport phenomena are important with respect to

proper description of polymer fuel cells. The significance of this

issue results from the principle of fuel cell operation that leads

to the production of water and also from the connection

between the magnitude of the membrane water uptake (WU)

and its ionic conductivity. Nafion membrane conductivity is

strongly correlated with temperature. It can significantly drop

with sudden loss of water molecules in the electrolyte. This can

especially happen in the case of low-temperature PEMFCs if the

temperature is close to 1008C. First of all, this issue is related to

the anode that has to be efficiently humidified and pressurized

during fuel cell operation because the rate of water back diffu-

sion produced at the cathode side might be insufficient. On the

other hand, there are many, already mentioned, advantages of

fuel cell operation at high temperatures. Thus, this work aims

at mitigating the membrane conductivity dependence on WU.

It is known that imidazole proton conductors are used as water

replacement solvents1,54,55 and have also been attached to poly-

mer backbone to replace the acid/water complex in PEMFCs.56

The melting temperature of imidazole is approximately 908C

higher than that of water at ambient pressure.5 It was found

that heterocycles such as imidazole, triazole and pyrazole are

promising in avoiding strong solvent effects and acts like water

as proton donor and acceptor in the proton conduction

process.5

The modern approach is to substitute pristine, water-based

membrane, for a composite obtained by the application of PI,

and PI/Im modifiers. The fundamental idea is to incorporate PI

and PI/Im in the membrane structure in order to prevent addi-

tives from being removed by liquid water during fuel cell opera-

tion. Acid-base interactions with regard to fuel cell operation at

elevated temperatures are, therefore, the main topic of interest

in this work. These results motivate us to investigate the influ-

ence of Im on the proton conductivity of PEMFCs based on

Nafion/PI membrane.

Additionally, in this work, we showed that five-ring PI are suita-

ble to be applied as modifier of Nafion membrane, while flexi-

ble PI membranes are not adequate for PEMFC application

taking into consideration the fact that their conductivity is very

low.

In this work, PEMFCs based on Nafion-115 and aromatic poly(-

etherimide) with isopropylidene groups (PI) were constructed

and characterized in details. Electrochemical properties of single

PEMFCs with PI were analyzed by electrochemical impedance

spectroscopy, polarization curves, cyclic voltammetry and linear

sweep voltammetry taking into account the temperature used

(25 and 608C) and the presence of additional doping compound

that is, imidazole. Morphology and mechanical properties of

membranes were analyzed by AFM method, while interactions

between Nafion-115 and PI and Im were studied by FT-IR. In

our knowledge this is the first example of modification of

Nafion membrane properties by immersion in five-membered

ring polyimide. Finally, electrochemical properties obtained in

this work for Nafion-115/PI were compared with Nafion-115/

Im, Nafion-115/BAPBI and Nafion-115/PBICF3 described in

details in our previous studies.50,51 We have discovered that

applying PI in Nafion-115 membrane caused the increase of the

maximum power density (171 mW/cm2 at 608C) in comparison

to other investigated by us Nafion-115 membranes.50,51

EXPERIMENTAL

Materials

Nafion-115 film was purchased from Quintech Brennstoffzellen

Technologie. Imidazole (Im) and N,N-dimethylacetamide

(DMA) were obtained from Aldrich and used as received.

Aromatic poly(etherimide) with isopropylidene groups (PI) was

obtained from 4,40-(hexafluoroisopropylidene) diphthalic anhy-

dride and 4,40-(4,40-isopropylidene-diphenyl-1,10-diyldioxy)dia-

niline in NMP solution according to the synthesis described in

Ref. 57.

Preparation of Nafion-115/PI and Nafion-115/PI/Im

Membranes

In the first step, Nafion-115 membrane was purified by boiling

in deionized water for 1 h. Next, Nafion-115 membranes were

dipped for 15 min into PI or PI/Im DMA solution (0.1% solu-

tion), and next dried at temperature of 1058C for 3 min. This

procedure was repeated four times. In the third step, all mem-

branes were cleaned by boiling in deionized water for 1 h and

then rinsed in 3.75% H2O2 for an hour and finally activated in

boiling 0.2M H2SO4 solution during 1 h. All membranes were

also rinsed several times in fresh distilled water to remove any

residual contaminants.

Construction of Single PEMFCs

Single PEMFCs with area of 1 cm2 were constructed based on

prepared membranes, commercial gas diffusion electrodes

(SLGDE 0.5 mg cm22, FuelCellsEtc) and graphite single-

serpentine plates. All fuel cells were constructed by pressing of

membranes and electrodes at temperature of 1008C for 5 min

under 30 bars of pressure.

Characterizations

Particular fuel cells were investigated using commercial 1 cm2

testing fuel cell fixture (Pragma Industries) with graphite

Table I. Thermal Stability of Investigated Membranes by TGA Method

Code
T5%

(8C)a
T10%

(8C)a
T20%

(8C)a
Tp

(8C)b
Tp

(8C)b
Tp

(8C)b

Nafion-115-PI 328 354 399 364 458 –

Nafion-115-PI-Im 327 354 398 366 458 –

Nafion-11551 288 350 431 338 447 502

Nafion-115/Im51 330 357 398 369 455 –

a T5%, T10%, and T25%: temperatures at 5, 10, and 20% weight loss,
respectively.
b Temperatures at which the maximum rate of weight loss was observed
according to DTG curves.
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single-serpentine monopolar plates. The research was carried

out in situ, delivering to the measurement cell, reactant or

inert gases depending on the method of used evaluation. Elec-

trochemical properties of PEMFCs were investigated by polar-

ization curve (V-J), electrochemical impedance spectroscopy

(EIS), cyclic voltammetry (CV), and linear sweep voltamme-

try (LSV). The following equipment was used in order to per-

form above mentioned experiments: ZS electronic load

(H&H), impedance/gain-phase analyzer SI 1260 (Solartron

Analytical), SI 1287 electrochemical interface potentiostat/gal-

wanostat (Solartron Analytical) and dedicated computer

programs.

Polarization curve was performed using the configuration of

hydrogen and air supplying with flow rate of 60 and 80 mL/

min, respectively, under the atmospheric pressure and 90% of

relative humidity. These characteristics were done in voltage

mode in 60 s from the open circuit voltage to 0.25 V. Electro-

chemical impedance spectroscopy was performed in the fre-

quency range from 40 kHz to 0.1 Hz using the same gaseous

supplying as in V-J method. Cyclic voltammetry and linear

sweep voltammetry were utilized as other measurement techniques

due to which hydrogen was fed with flow rate of 50 mL/min,

under the atmospheric pressure to the anode acting as counter

and reference electrode while argon with the same flow rate and

pressure was delivered to the second electrode being the working

electrode. These measurements were taken at steady-state condi-

tion applying low scan rate of 10 mV/s.

Infrared spectra of the membranes were acquired on a Nicolet

5700 (ThermoElectron) in the range of 4000–400 cm21 at a

resolution of 2 cm21 and for accumulated 32 scans.

Thermogravimetric analyses (TGA) and DTG were performed

on a Mettler-Toledo AG apparatus at a heating rate of 108C/min

under nitrogen.

The surface morphology investigations of the membranes were

performed in air using a commercial Innova AFM system from

Bruker (former Veeco). Topography imaging was performed using

tapping mode with phase imaging feature. The NSG30 probes

Figure 1. FTIR spectra of Nafion-115/PI and Nafion-115/PI/Im membranes. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Possible interactions between Nafion-115/PI and Nafion-115/PI/Im.
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from NT-MDT (k 5 22–100 N/m, fres 5 240–440 kHz, rtip 5 6 nm)

were used. Force spectroscopy measurements were performed

using CSG30 probes from NT-MDT (k 5 0.13–2 N/m, fres526–

76 kHz, rtip5 6 nm). The spring constant of the cantilever was

determined using calibration feature from Nanoidea.58,59 The data

was processed using SPIP software from image metrology.60

RESULTS AND DISCUSSION

Thermal Properties of Composite Membranes

The thermal stability of the both membranes (Nafion-115/PI

and Nafion-115/PI/Im) was tested by TGA at a heating rate of

108C/min under nitrogen atmosphere. For both membranes,

two weight loss stages around 330 and 4508C were observed

(Table I). We did not observe changes in the thermal stability

for the Nafion-115/PI membrane in comparison with Nafion-

115/PI/Im and also Nafion-115/Im51 ones. Both membranes had

good thermal stability with 5% weight loss temperature of

3288C, which is attributed to the decomposition of the SO3H

groups.4 For pure Nafion-115 5% weight loss temperature at

2888C was found. It is clearly seen that decomposition tempera-

tures of the composed membranes were about 408C higher than

that of Nafion-115. Similar results were found in our previous

works50,51 and in Refs. 31 and 36. The temperatures of the max-

imum decomposition rate (Tp), as evidenced by the DTG

curves, were observed for both membranes at 366 and 4588C.

The thermal stability of Nafion-115/PI and Nafion-115/PI/Im

membranes may be caused by fact that PI and Im are stable in

Nafion-115 membrane.

FT-IR Study of Composite Membranes

In the FT-IR spectra of Nafion-115/PI and Nafion-115/PI/Im

membranes, changes were observed only at the ranges of 1500–

1730 cm21 and 2700–3600 cm21as are presented in Figure 1.

FT-IR spectrum of Nafion-115/PI membrane showed peak at

1684 cm21 shifted to higher wavenumber in comparison to

pure Nafion-115 membrane (1630 cm21 related to S-OH

groups). Moreover, absorption bands characteristic from the

asymmetric and symmetric stretching vibration of the carbonyl

Table II. The Surface Parameters of Investigated Membranes

Surface statisticsa

Code Sa (nm)] Sq (nm) Ssk Sku Sdr (%)

Nafion-115/PI 0.5581 0.7001 0.1445 2.9646 0.891

Nafion-115/PI/Im 0.6932 0.8430 0.2894 2.5029 0.432

Nafion-11551 1.2021 1.5789 0.1858 4.8332 6.537

Nafion-115-Im51 0.3279 0.4502 0.5294 7.2920 2.787

a Values calculated for scanning field 300 3 300 nm2.

Figure 3. Topography, phase imaging, and 3D view of the topography measured with AFM for Nafion-115/PI and Nafion-115/PI/Im, from top to bot-

tom, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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group in the imide ring of PI at 1784 and 1725 cm21,

respectively,57 in membrane are shifted to lower wavenumber

(Figure 1). This is an effect of hydrogen bonding interactions

between PI and Nafion-115 as schematically is presented in Figure 2.

In Nafion-115/PI/Im membrane peaks at 1689 and 1736 cm21

was found which were shifted to higher wavenumber in com-

parison with Nafion-115/PI and Nafion-115/Im membranes as

an effect of protonation of hydrogen acceptor sites (-N5C-) in

Im by hydrogen atom of SO3H group of Nafion-115 as sche-

matically is presented in Figure 2.

Some differences were found also in the range of 2700–

3600 cm21. Broad peak at about 3431 cm21 of pureNafion-115

is responsible for the O-H stretch. For Nafion-115/PI and

Nafion-115/PI/Im membranes shape, intensity and position of

this peak was changed (Figure 1). This indicates that hydrogen

bonding was created in the membrane. Similar behavior was

found by Sannigrahi et al. for PBI gel membrane,61 Li et al. for

Nafion hybrid membrane62 and in our previous work.50,51

Morphology of Composite Membranes

The surface morphology of both membranes was measured with

AFM technique and such parameters as roughness (Sa, Sq), skew-

ness Ssk (the unbalance of height distribution maximum) and

kurtosis Sku (the peak’s width on height distribution) were calcu-

lated (Table II). Also, surface area ratio (Sdr) was determined, as a

significant factor in terms of chemical activity.63 The roughness of

Nafion-115/PI/Im is higher than Nafion-115/PI; however, the sur-

face area ratio is higher in case of Nafion-115/PI. It should be

emphasized, that roughness of investigated samples are compara-

ble or lower than Nafion-115 and Nafion-115-Im.51 Surface area

ratio of Nafion-115/PI/Im and Nafion-115/PI on the other hand

is significantly lower than in case of previously tested materials.

Nafion-115/PI, Nafion-115 and Nafion-115-Im reveal oval-like

morphological features indicating some sort of existing or fixed

tension in the material, while in Nafion-115/PI/Im the objects are

round, and no specific direction of deformation can be pointed.

Phase imaging feature reveals no significant non homogeneities in

terms of the scanning tip-sample energy dissipation. In general

the topography related fluctuations can be noted. It should be

underlined, however, that for Nafion-115/PI/Im sample, the phase

imaging features are significantly smaller than morphological

ones. Also their shapes are often oval showing similarities to

Nafion-115/PI sample. Figure 3 shows AFM topography and

phase images obtained for both membranes.

Mechanical Properties of Composite Membranes

Mechanical properties of both composite membranes were

determined using force spectroscopy technique. Obtained data

revealed significantly higher values of Young modulus for

Nafion-115/PI/Im and Nafion-115/PI than for Nafion-115-Im

and Nafion-115 indicating an influence of performed procedure

of dipping the membranes into PI or PI/Im DMA solution on

mechanical properties (Table III).

The highest average value of E at about 616 MPa was found for

Nafion-115/PI/Im membrane.

Water Uptake of Composite Membranes

For Nafion-115/PI and Nafion-115/PI/Im membranes the WU

were detected. WU measurements were performed with aid of

surface area and porosity analyzer in order to obtain the water

sorption isotherms for particular membrane materials. WU val-

ues were then calculated from the equation: WU5 mw 2md

md
3100,

where md is the mass of dry membrane whereas mw is the total

mass of dry membrane and the water absorbed at the relative

pressure of about 0.9 p/p0, according to isotherms (Figure 4).

The highest WU was found for prisitne Nafion-115 membrane

(12.7%, for water activity of 0.9). Nafion-115/PI and Nafion-

115/Im membranes exhibited lower value of 11.5 and 7.6%,

respectively, than Nafion-115 (Table IV) which may be

explained that some adsorption centers had already been occu-

pied by incorporated membrane modifiers before the water

sorption analysis was performed.

Single PEMFCs Performance Test

Polarization Curves. Electrochemical properties of constructed

single PEMFCs based on Nafion-115/PI and Nafion-115/PI/Im

membranes were analyzed taking into consideration the value of

Table III. Young Modulus for Investigated Membranes

Young modulus (MPa)

Nafion-115/PI Nafion-115/PI/Im Nafion-11551 Nafion-115/Im51

Average value 482 616 294 116

Standard deviation 78.4 67.3 49.5 79.2

Figure 4. Water sorption isotherms for particular composite membranes

and pristine Nafion. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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temperature used and the presence of imidazole (Table IV). Fig-

ure 5 shows the polarization curves of both composite

membranes-based PEMFCs at 25 and 608C in comparison to

single PEMFC based on Nafion-115/Im.

For Nafion-115/PI membrane, the increase of performance in case

of constructed single PEMFC compared to pure Nafion-115 and

Nafion-115/Im membranes was observed.51 Moreover, for both

membranes parameters at 608C are higher than in 258C, except

OCV and efficiency at 0.6 V (Table IV). For both constructed

PEMFCs the efficiency at 0.6 V was found about 41% (Table IV).

For the Nafion-115/PI membrane, the highest maximum power

density (Pmax) 170 mW/cm2, the highest open circuit voltage

(OCV) of �0.96 V and the highest value of J at 0.6 V of �228 mA/

cm2 at 608C compared to the other membranes was found (Figure

5 and Table IV). Electrochemical properties of Nafion-115/PI/Im

single PEMFC were worse than that for Nafion-115/PI.

Electrochemical Impedance Spectroscopy. Electrochemical

impedance spectroscopy (EIS) measurements of both investi-

gated single PEMFCs at 25 and 608C with dedicated equivalent

circuit model are presented in Figure 6, while fitting parameters

of the equivalent circuit are presented in Table V. EIS experi-

ments were analyzed based on the following papers.64,65

The constructed single PEMFCs at 25 and 608C exhibited semi-

circles in Nyquist plots. Noticeable drop in values of the real

part (Z0) and the imaginary part (Z00) of the complex imped-

ance at 608C could be seen (Figure 6). A higher drop in Z0

along with the increase of temperature was found for Nafion-

115/PI/Im than for Nafion-115/PI, while for Nafion-115/Im

almost no differences were observed. In the other words, in this

case, the highest drop of charge and mass transport resistance

was observed for PI/Im-based single cell. The improved conduc-

tivity (r) for PI-based membrane at 608C was observed, whereas

for Nafion-115/PI/Im a slight drop was detected. Immersion of

Nafion-115 membrane in Im causes the increase of ionic con-

ductivity in comparison to Nafion-115 membrane (44.4 mS/

cm) (Table IV).

Along with the temperature increase to 608C, the impedance

module jZj decrease in the frequency range 0.1–1 Hz was

observed for both investigated membranes (Figure 6). The high-

est jZj drop was found for Nafion-115/PI/Im membrane along

with the increase of temperature. For both investigated single

PEMFCs at 25 and 608C, the highest value was obtained for R2

Table IV. Summary of Electrochemical Properties of the Single PEMFCs at 25 and 608C

Code Nafion-115/PI Nafion-115/PI/Im Nafion-11551 Nafion-115/Im51

25/608C

Jmax (mA/cm2) 368/484 331/277 212/299 347/463

J at 0.6 V (mA/cm2) 107/228 56/98 83/84 136/157

Pmax (mW/cm2) 113/171 90/92 76/95 124/140

Efficiency at Pmax (%) 26/31 22/29 29/27 30/27

Efficiency at 0.6 V (%) 41/40 41/41 40/41 41/41

OCV (V) 0.98/0.96 0.98/0.92 0.97/0.91 0.84/0.89

r (mS/cm) 35.3/56.2 57.8/49.6 25.8/45.9 44.4/54.1

ESA (cm2/g) 1544 664 2465 828

Water uptake (%) 11.5 – 12.7 7.6

H2 crossover (mole/cm2 s) 6.04 3 10210 �0 �0 9.98 3 1029

Figure 5. Polarization curves of single PEMFCs based on Nafion-115/PI

and Nafion-115/PI/Im membrane and for comparison for Nafion-115/Im

at 258C and 608C. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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while the lowest for R1 (Table V). Moreover, Nafion-115/PI/Im

membrane exhibited the highest value of R2 compared not only

with Nafion-115/PI but also with Nafion-115/Im and Nafion-

115 (Table V). Value of R1 (at 608C) was similar for all investi-

gated membranes.

It has to be underlined that the equivalent model fits the mea-

surement data very well; however, various RC elements cannot

be assigned to the particular subprocesses as EIS arcs strongly

overlap.

Investigations of pristine PI film reveals that it is an insulator,

therefore direct application as a fuel cell membrane is impossi-

ble. EIS spectrum was recorded with aid of dielectric interface

(Solartron 1296) for PI membrane in the frequency range from

40 kHz to 1024 Hz with signal amplitude of 250 mV to evaluate

membrane through-plane resistance. The film was placed

between two gold plates and tested under STP conditions.

According to the measurement data, in the given frequency

range, the real part of impedance varies from 620 X to 1.2�3
1012 X. The experiment was performed ex-situ; however, in-situ

fuel cell measurements taken without dielectric interface lead to

the similar conclusion. In spite of these results the addition of

PI to Nafion membrane brings positive feedback in terms ionic

conductivity as slight improvement of this parameter has been

recorded (Table IV).

Cyclic Voltammetry. Cyclic voltametry (CV) showed some dif-

ferences in H2 adsorption/desorption peaks depending on the

membrane applied. In the case of Nafion-115/PI/Im membrane,

H2 adsorption/desorption peaks were found in the range 0.1–

0.3 V, while the double-layers around 0.4 V were observed. On

the other hand for Nafion-115/PI membrane H2 adsorption/

desorption peaks were found in two ranges: the first at 0.1–0.3

V and the second one at 0.4–0.6 V (Figure 7).

The electrochemical surface area (ESA) of Nafion-115/PI and

Nafion-115/PI/Im membranes was approximately 1544 and

664 cm2/g, respectively, which is lower than that of the

Nafion-115 membrane (2465 cm2/g) (Table IV). The lowest

value of ESA for Nafion-115/PI/Im membrane compared with

Nafion-115/PI is probably caused by platinum poisoning

effect due to the imidazole presence. The same effect was

observed for Nafion-115/Im compared with Nafion-115.51

The imidazole reduces the electrochemical reactions due to

lower amount of available platinum in PEMFCs, but at the

same time enhances the conductivity (Table IV). Similar

behavior was observed for Nafion-Im membranes by Yang

et al.25 and in our previous work.51 It is interesting that

Nafion-115/PI membrane exhibited lowest ESA value and the

highest Jmax and conductivity than pure Nafion-115. These

observations suggested that PI decreases the amount of Pt in

PEMFCs similar as imidazole.

Linear Sweep Voltammetry. Linear sweep voltammetry (LSV)

of Nafion-115/PI and Nafion-115/PI/Im membranes presented

in Figure 8 and in Table IV showed that in the case of

Nafion-115/PI membrane H2 crossover was observed (6.04 3

10210 mole/cm2 s) but was lower than for Nafion-115/Im.

This finding confirmed that apart from having negative

Figure 6. Impedance spectra of single PEMFCs at 25 and 608C (calculated

data: solid line: experimental data: symbols) along with equivalent circuit

used for the evaluation of measured impedance spectra (R1kC1, element

correspond to the rate determining processes at the anode; R2kC2, the

finite diffusion element; R3kC3, element correspond to the rate determin-

ing processes at the cathode; Rs, membrane resistance and series resist-

ance; Ls, feed line inductivity). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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influence on electrochemical properties of PI/Im-based fuel

cells, PI with isopropylidene groups have also disruptive

impact on the impermeability of membranes towards hydro-

gen crossover.

The differences in electrochemical properties of single

PEMFCs observed in this work could be explained by the fact

that two possible proton conducting mechanism existed

depending on the kind of membrane. In the case of Nafion-

115 membrane the vehicle-type mechanism (charge transport

is carried out by common physical diffusion) is predominated,

while in the case of Nafion-115/PI and Nafion-115/PI/Im

membranes instead of vehicle-type mechanism increased also

Grotthuss-type mechanism (charge transport is carried out by

structure diffusion).15,16,33,36,37,39,51 As it was mentioned pre-

viously, Im can acts as proton donor and acceptor and in our

case could interaction between PI and Nafion-115. Moreover,

hydrogen bonding creation between Im molecules could not

be excluded as was presented in Ref. 16. However, this conclu-

sion cannot be proven based on measurement techniques used

in this work.

Figure 8. Linear sweep voltammetry of single PEMFCs. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 7. Cyclic voltammograms of the MEA with Nafion-115/PI, Nafion-

115/PI/Im and for comparison for Nafion-115/Im. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table V. The Equivalent Circuit Parameters for All Single PEMFCs Obtained from the Fitting

Code Nafion-115/PI Nafion-115/PI/Im Nafion-11551 Nafion-115/Im51

25/608C

v2 (31026) 325/716 751/596 1163/711 426/586

RS (X) Error % 0.359/0.223 0.393/0.296 0.51/0.28 0.23/0.19

0.54/0.85 0.87/0.83 0.89/0.85 0.63/0.78

LS (nH) Error % 551/562 561/618 440/573 624/614

3.52/3.36 5.68/3.62 5.46/3.96 2.51/2.56

R1 (X) Error % 0.127/0.088 0.125/.116 0.23/0.11 0.09/0.10

6.99/9.47 8.17/7.24 11.3/7.74 9.70/9.92

C1 (mF) Error % 5.221/4.697 2.731/2.157 4.90/3.76 7.16/5.08

6.48/8.92 10.8/8.25 9.30/9.03 7.43/6.54

R2 (X) Error % 2.899/2.882 4.466/3.508 3.90/3.18 2.34/2.25

2.21/1.72 1.59/1.56 3.21/1.56 3.86/3.37

C2 (mF) Error % 21.73/19.39 17.60/0.012 29.3/23.6 18.4/17.7

5.22/4.34 3.86/3.96 7.88/3.83 8.31/7.80

R3 (X) Error % 0.974/0.607 0.871/0.793 1.07/0.60 0.91/0.97

6.31/6.78 6.10/5.77 10.1/6.24 9.85/7.51

C3 (mF) Error % 10.65/10.51 8.835/5.958 14.0/12.4 9.96/7.03

3.29/4.86 4.52/4.01 7.62/4.92 4.16/3.84

R1kC1, element correspond to the rate determining processes at the anode; R2kC2, the finite diffusion element; R3kC3, element correspond to the rate
determining processes at the cathode; Rs, membrane resistance and series resistance; Ls, feed line inductivity.
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CONCLUSION

In this work, we have studied the influence of aromatic poly(e-

therimide)s with isopropylidene groups on the electrochemical

properties of single PEMFCs based on Nafion-115. The follow-

ing conclusions can be drawn from the presented work:

1. Decomposition temperatures of the PI membranes were

about 408C higher than that of Nafion-115.

2. Single PEMFC with PI exhibited significantly better electro-

chemical properties at 608C than at 258C in comparison to

other membranes investigated in this work.

3. Immersion of Nafion-115 in PI increases the current, power

density and conductivity compared with Nafion-115/PI/Im

and Nafion-115/Im membrane. For the Nafion-115/PI mem-

brane the highest: Pmax at 170 mW/cm2, OCV of �0.96 V, J

at 0.6 V of �228 mA/cm2 and r � 56.2 mS/cm at 608C

were found.

4. PI increased mechanical properties of the Nafion-115 mem-

brane as detected by force spectroscopy.

5. Apart from improving the fuel cell performance, imidazole

and PI with isopropylidene groups revealed also the negative

influence on electro-catalytic properties of electrodes

(reduced ESA) and the impermeability of hydrogen through

polymer membranes.
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