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In the present work, a semi-interpenetrating network (semi-IPN) high-temperature proton exchange membrane based on
polyethyleneimine (PEI), epoxy resin (ER), and polybenzimidazole (PBI) was prepared and characterized, aiming at their future
application in fuel cell devices. The physical properties of the semi-IPN membrane are characterized by thermogravimetric
analysis (TGA) and tensile strength test. The results indicate that the as-prepared PEI-ER/PBI semi-IPN membranes possess
excellent thermal stability and mechanical strength. After phosphoric acid (PA) doping treatment, the semi-IPN membranes
show high proton conductivities. PA doping level and volume swelling ratio as well as proton conductivities of the semi-IPN
membranes are found to be positively related to the PEI content. High proton conductivities of 3:9 ∽ 7:8 × 10−2 S cm−1 are
achieved at 160°C for these PA-doped PEI-ER/PBI series membranes. H2/O2 fuel cell assembled with PA-doped PEI-
ER(1 : 2)/PBI membrane delivered a peak power density of 170mWcm-2 at 160°C under anhydrous conditions.

1. Introduction

High-temperature (100-200°C) proton exchange membrane
fuel cells (HT-PEMFCs) have been receiving increasing
attention on account of their advantages over those operated
at lower temperatures, including high tolerance to fuel impu-
rities (e.g., CO and H2S), enhanced activity of the electrocata-
lysts on both anode and cathode, simplified water, and heat
management [1, 2].

After nearly 20 years of development, a series of impor-
tant advances have been made in the research of high-
temperature proton exchange membranes. The research sys-
tem has developed from the early doping modification of
commercial perfluorosulfonic acid-type proton exchange
membranes [3–5] to the present inorganic high-
temperature proton exchange membrane [6–9], phosphoric
acid-doped high-temperature proton exchange membrane

[1, 10–13], phosphonic polymer membrane [14], and other
diverse membrane materials coexist. Phosphoric acid-doped
high-temperature proton exchange membranes, such as
phosphoric acid-doped polybenzimidazole (PBI), exhibit
advantages such as high proton conductivity
(4 × 10−2 ~ 8 × 10−2 S/cm−1 @ 150°C) and good chemical sta-
bility under high temperature, low humidity, or no water
conditions, which has become a research hotspot of high-
temperature proton exchange membrane materials [15, 16],
and are considered as one of the most promising high-
temperature proton exchange membrane materials.

In addition to polybenzimidazole (PBI), there are other
polymers that can be doped with phosphoric acid. As early
as 1992, phospho-doped polyoxyethylene (PEO), polyacryl-
amide (PAAM), polyvinylpyrrolidone (PVP), polyethyleni-
mine (PEI), and other phospho-doped polymer membranes
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were prepared by Lassegues [17], but the proton conductivity
of these membranes was generally not high (lower than 10-
3 S·cm-1 at room temperature). One of the most important
reasons is that the amount of phosphoric acid in the mem-
brane is too low and cannot be effectively increased, because
when the phosphoric acid is too high, these polymers are all
paste due to the plasticization of phosphoric acid and cannot
form a film at all.

Preparation of semi-interpenetrating polymer network
(semi-IPN) is a facile approach to fabricate novel PEMs with
specific and various morphology, enhanced mechanical per-
formance, and reduced membrane swelling [18–20]. Tanaka
et al. [21] prepared PEI-x H3PO4 semi-IPN material by treat-
ing linear polyethylenimine (PEI) with H3PO4 of different
metering ratios. Their proton conductivity at a certain tem-
perature is related to x. When the range of x is extended to
2.5~3.0, the proton conductivity reaches about 10-4 S·cm-1

at 50°C. However, after such amount of phosphate is
absorbed, the semi-IPN material will become a paste. To
solve this problem, the crosslinked PEI (c-PEI) was synthe-
sized by using ethylene glycol diglycidyl ether as the cross-
linking agent and then compounded with H3PO4. No
matter the matrix is PEI or c-PEI, the relationship between
proton conductivity and x is very similar, but in the cross-
linked system, the proton conductivity is smaller.

Loureiro et al. [22] synthesized a semi-interpenetrating
polymer network (semi-IPN) through the reaction of epoxy
resin with 4,4-diamino-diphenylsulfone and polyethyleni-
mine (PEI). The membrane was acidified by two methods:
(i) absorption of H3PO4 from aqueous solution and (ii) sulfo-
nation to form covalently bonded -SO3H. The conductivity
value of the film doped with H3PO4 at 20% concentration
(about 0.08 S cm-1, 80°C) was higher than that of the
sulfonated samples.

The mechanical properties of the materials above, how-
ever, do not satisfy the requirement of PEM fuel cells. In
recent years, various modification methods have been
explored to balance the proton conductivity and mechanical
properties of high-temperature proton exchange mem-
branes. For instance, chemical crosslinking modification is
an effective method to improve the chemical stability,
mechanical properties, and long-term durability of proton
exchange membranes [12, 23–28]. In addition, blending is a
commonly used and effective method to improve the physi-
cal and chemical properties of polymer materials. The new
materials obtained by blending not only have the properties
of the raw materials themselves but also can overcome the
defects of the original materials and produce excellent prop-
erties that cannot be matched by a single material.

In this study, we selected PEI, epoxy resin (ER), and PBI
as constituent components for the new high-temperature
PEM for fuel cells. Branched PEI is a weakly alkaline water-
soluble polymer composed of several N-containing func-
tional groups of primary, secondary, and tertiary amines,
which can provide multiple active sites for crosslinking reac-
tions and sites for the absorption of phosphoric acid [29, 30].
When PEI-ER and PBI are blended, an in situ crosslinking
between ER and PEI in the presence of PBI can form a
semi-interpenetrating network structure, which is expected

to improve the mechanical properties and heat resistance of
the membrane. Moreover, the semi-IPN membrane should
exhibit excellent proton conductivity at high temperature
under anhydrous conditions, meeting the need of the appli-
cation of HT-PEMFCs.

2. Experimental

2.1. Materials and Reagents. Polyethylenimine (PEI)
(Mw = 25 000, branched) was purchased from Sigma-
Aldrich. Epoxy resin (ER) compound (E-51) was purchased
from Macklin. Poly (4,4′-(diphenyl ether)-5,5′-bibenzimi-
dazole) (OPBI) with a viscosity of 6000Pa·S (tested as
10wt% solution in N,N′-dimethyl acetamide) was purchased
from Shanghai Shengjun Polymer Technologies Co. Ltd.
Phosphoric acid (85wt%) and N-methyl-2-pyrrolidone
(NMP) were purchased from Aladdin.

2.2. Membrane Preparation. 80wt% PEI, 80wt% ER, and
5wt% PBI solutions were prepared by dissolving PEI, ER,
and PBI in pyrrolidone (NMP), respectively. The PEI, ER,
and PBI solution with different volume ratios was mixed
and stirred for 12 h at room temperature to obtain a transpar-
ent and homogeneous casting solution. Then, the PEI-ER-
PBI blend solution was cast onto a glass plate and heated at
60°C for 12h on a hot plate followed by drying at 140°C for
30min to allow solidification and remove the solvent. PEI-
ER/PBI semi-IPN membranes with PBI amount of 20wt%
and mass ratio of PEI to ER of 1 : 2, 2 : 3, 1 : 1, 3 : 2, and 2 : 1
were prepared, which are denoted as PEI-ER(1 : 2)/PBI,
PEI-ER(2 : 3)/PBI, PEI-ER(1 : 1)/PBI, PEI-ER(3 : 2)/PBI, and
PEI-ER(2 : 1)/PBI, in turn. The thickness of the PEI-ER/PBI
semi-IPN membranes was controlled to be ~80μm.

2.3. Characterization

2.3.1. Thermal Analysis. Thermogravimetric curves were
recorded from room temperature up to 800°C at a heating
rate of 10°C/min in nitrogen atmosphere with a flow rate of
100mL/min by a Pyris1 TGA (Perkin Elmer). The samples
were pretreated by heating to 100°C at a rate of 10°C/minute
and kept for 30 minutes before cooling to room temperature.

2.3.2. Mechanical Properties. The mechanical properties of
membranes were measured with a universal testing machine
(New SANS, Shenzhen, China). The membranes were cut
into long rectangular-shaped samples whose initial dimen-
sions were 40mm in length and 5mm in width. Measure-
ments were carried out at room temperature (RT) with a
constant separating speed of 5mmmin−1.

2.3.3. PA Doping Treatment. For phosphoric acid (PA) dop-
ing, dried membranes were cut into 4 × 4 cm2 size specimen
and the weights of individual specimens were separately
noted. The specimens were immersed into 85wt% PA at
80°C for 2 h. The membranes were taken out from the PA,
and excess PA was removed from the membrane surface by
carefully wiping the specimens with dust-free paper. After
drying at 100°C for 12 h, PA uptake and the size of each sam-
ple were measured immediately.
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The PA uptake ratio of the membrane (acid doping con-
tent (ADC)) was calculated by the following equation:

Acid doping content ADCð Þ %ð Þ = W2 −W1
W1

× 100, ð1Þ

where W1 is the initial weight of dried membrane and W2 is
the weight of PA-doped membrane.

The volume swelling ratio and area swelling ratio are
defined as the percentage of the membrane volume augment
and membrane area augment, respectively, after PA doping
treatment and are calculated by the following equation:

Volume Swelling %ð Þ = V2 − V1
V1

× 100,

Area Swelling %ð Þ = S2 − S1
S1

× 100,
ð2Þ

where V2 and S2 are the volume and area of the PA-doped
membrane, respectively. V1 and S1 are the volume and area
of the undoped dry membrane.

2.3.4. Structural Characterization. IR spectra of PEI, ER, and
film samples were recorded on a NICOLET 6700 Fourier-
Transform Infrared Spectrometer (FT-IR).

2.3.5. Gel Fraction Test. The effect of crosslinking was deter-
mined by gel fraction test. The membrane samples were
immersed in NMP at 80°C for 12 h and then removed from
the solvent and dried. The gel fraction was calculated by com-
paring the weight of the dried sample before and after solvent
extraction.

2.3.6. Proton Conductivity Measurements. Proton conductiv-
ity was measured via a standard four-probe AC impedance
method using a PGSTAT204 N electrochemical workstation
(AUT86925, AUTOLAB). All samples were cut into 1 cm ×
4 cm size, and the average thickness of the samples was
obtained by a thickness tester. The PA-doped membranes
were stuck in a four-probe clamp and placed in a
temperature-controlled chamber. The impedance
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Figure 1: In situ step-growth polymerization of polyethylenimine (PEI) and epoxy resin (ER) in the presence of polybenzimidazole (PBI) to
form a PEI-ER/PBI semi-IPN membrane, where PBI and PEI-ER crosslinked networks form a semi-interpenetrating network structure.
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Figure 2: FT-IR spectra of PEI, ER, and PBI membranes, PEI-
ER(1 : 2) membrane, and PEI-ER(1 : 2)/PBI semi-IPN membrane.
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measurement was performed from 80 to 160°C, under anhy-
drous conditions, in the frequency range of 100mHz to
100 kHz. The conductivity was calculated by the following
formula:

Proton conductivity σ = L
R ×W × T

, ð3Þ

where L is the distance between reference electrodes, R is
the membrane resistance, and W and T are the width and
thickness of the samples, respectively.

2.3.7. Fuel Cell Tests. The fuel cell property was assessed using
single-cell stacks. Hydrogen and oxygen without prehumidi-
fication were applied to the fuel cell at flow rates of
80mLmin−1 and 160mLmin−1, respectively. The area of
each of the membrane electrode assemblies (MEAs) was 2:3
× 2:3 cm2. The electrodes, 1.0mg cm−2 Pt/C for the anode
and the cathode, were purchased from Hensen Company.
The membranes and electrodes were bonded together by
PA without hot pressing, and the active area of the mem-
brane electrode assembly (MEA) was 5 cm2. Polarization
curves were obtained using current-step potentiometry.

3. Results and Discussion

3.1. Fourier-Transform Infrared (FT-IR) Spectroscopy. The
step-growth polymerization of ER and PEI to form a cross-
linked network (PEI–ER) (Figure 1) involves the reactions
of epoxide (or glycidyl) groups of ER with the primary (–
NH2) and secondary (–NH–) amine groups of PEI and the
hydroxyl (–OH) groups of the intermediate products formed
through ring opening of the epoxide groups. To gain insight
into the reaction between PEI and ER, Fourier-transform
infrared (FT-IR) spectroscopy was used to characterize the
PEI-ER(1 : 2) membrane and PEI-ER(1 : 2)/PBI membrane
with curing time of 12h. As a comparison, the FT-IR spectra
of pure PEI, ER, and PBI membrane were also collected.

As shown in Figure 2, C–O stretching of epoxide at
916 cm-1 totally disappeared and a wide O-H stretching peak
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Figure 3: Gel fraction test of PEI-ER/PBI membranes performed in NMP at 80°C for 12 h. (a) The membrane samples in NMP at 80°C after
12 h and (b) the residual weight of the membranes after solvent treatment.
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Figure 4: TGA curves of different PEI-ER/PBI semi-IPN
membranes.

Table 1: Acid doping content (ADC) and swelling rate of different
semi-IPN membranes.

Membrane
ADC
%

Swelling in area
%

Swelling in volume
%

PEI-
ER(1 : 2)/PBI

101.9 27.0 48.2

PEI-
ER(2 : 3)/PBI

134.7 62.1 68.6

PEI-
ER(1 : 1)/PBI

169.6 77.8 74.7

PEI-
ER(3 : 2)/PBI

272.1 88.7 116

PEI-
ER(2 : 1)/PBI

302.4 107 121
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appeared at 3200-3700 cm-1 in the spectra of PEI-ER(1 : 2)
membrane and PEI-ER(1 : 2)/PBI membrane, indicating that
the epoxy resin was crosslinked successfully with polyethyle-
nimine. The absorption band at 1658 cm-1 is attributed to the
imidazole ring C=N absorption of PBI.

3.2. Gel Fraction Test. Gel fraction test was carried out to fur-
ther ascertain that crosslinking was successful. As shown in
Figure 3, all the membrane samples maintained the structural
integrity after immersing in NMP at 80°C for 12 h. The resid-
ual weight of the samples after solvent treatment was over
70% of the original weight. Among them, the gel fraction of
PEI-ER(1 : 2)/PBI, PEI-ER(2 : 3)/PBI, and PEI-ER(1 : 1)/PBI
membranes was more than 80%, indicating that the semi-
interpenetrating network structure may reduce the solubility
of PBI in NMP.

3.3. Thermal Properties. Thermal stability of polymer electro-
lytes is one of the most critical features for long-term durabil-
ity of fuel cells, especially in high-temperature operation. The
thermal stability of PEI-ER/PBI semi-IPN membranes was
investigated by TGA under nitrogen atmosphere. The TG
curves were recorded after pretreating the samples at 100°C
for 30 minutes. Therefore, even though PEI has strong water
absorption, the evaporation of water cannot be seen in the
spectrum.

As shown in Figure 4, the degradation of PEI-ER/PBI
semi-IPN membranes begins at around 300°C, which is
much higher than the operation temperature (≤200°C) of
HT-PEMFCs. Thus, the PEI-ER/PBI semi-IPN membranes
have sufficient thermal stability for their application in HT-
PEMFCs.

3.4. PA Doping Level. Acid doping treatment was performed
by immersing the PEI-ER/PBI semi-IPN membranes in
85wt% PA solution at 80°C for 2 h. As shown in Table 1,
PA uptake increased with the increase of PEI content since
the more N-containing functional groups could absorb more
phosphoric acid via the acid-base interaction. In addition, the
higher the ratio of PEI to ER, the lower the degree of cross-
linking and thus the higher phosphoric uptake because the
less crosslinked membrane has larger voids for containing
the PA. Accordingly, the area and volume swellings of the
membranes also increase with the increase of ADC as shown
in Table 1, which has been widely reported for PA-doped
membranes [31–33].

3.5. Mechanical Properties. An assessment of the mechanical
strength of the polymer electrolyte membranes is essential to
fabricate membrane electrode assembly. It is well known that
high acid doping level usually provides high proton conduc-
tivity but results in a large volume swelling ratio and at the
expense of mechanical strength. The mechanical properties
of PEI-ER/PBI semi-IPN membranes before and after PA
doping treatment are summarized in Table 2. The pristine
semi-IPN membranes show outstanding mechanical proper-
ties and dimensional stability. With the increase of PEI con-
tent, the tensile strength decreases from 60MPa for PEI-

Table 2: Mechanical properties of different semi-IPN membranes
before and after phosphoric acid doping.

Membrane

Tensile strength
(MPa)

Elongation at break
(%)

PA
undoped

PA
doped

PA
undoped

PA
doped

PEI-
ER(1 : 2)/PBI

60 4.2 8.6 14

PEI-
ER(2 : 3)/PBI

49 2.2 8.0 4.4

PEI-
ER(1 : 1)/PBI

37 1.4 18 1.4

PEI-
ER(3 : 2)/PBIa

22 — 43 —

PEI-
ER(2 : 1)/PBIa

13 — 98 —

aThese membranes swelled significantly in PA solution.
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ER(1 : 2)/PBI to 13MPa for PEI-ER(2 : 1)/PBI while the elon-
gation at break increases from 8.6% to 98%. It is apparent
that more rigid aromatic groups in the backbone and higher
crosslinking contribute to higher strength and lower elonga-
tion. After PA doping treatment, the mechanical properties
of the semi-IPN membranes reduced sharply, especially for
PEI-ER(3 : 2)/PBI and PEI-ER(2 : 1)/PBI. As He et al. [34]
pointed out, high PA doping level will lead to large volume
swelling, which will reduce the intermolecular force and thus
reduce the mechanical strength of the membrane. However,
for the doped membranes with PEI : ER lower than 1 : 1, the
tensile strength is still higher than 1.4MPa, which is strong
enough for membrane electrode assembly.

3.6. Proton Conductivity. The proton conductivities of PA-
doped PEI-ER/PBI semi-IPN membranes were measured
from 80°C to 160°C without extrahumidification (Figure 5).
As expected, the proton conductivities increase with the con-
tent of PEI in the membranes increasing because more PA
was doped with the increase of the alkaline groups. For the
same kind of membrane, the proton conductivity increases
sharply with the temperature increases from 80 to 120°C
and then level off from 140 to 160°C. The PEI-ER(2 : 1)/PBI
semi-IPN membrane shows the highest proton conductivity
of 7:8 × 10−2 S cm−1 at 160°C, and all the membranes exhibit
proton conductivity higher than 3:5 × 10−2 S cm−1 at temper-
atures higher than 140°C, which is sufficient for their applica-
tion as electrolyte membranes in HT-PEMFCs. A
comparison of the proton conductivity of PA-doped PEI-
ER/PBI membrane with some of the reported PA-doped
PBI membranes is shown in Table S1. The proton
conductivity of PEI-ER/PBI series membranes is higher
than or comparable to that of PBI and related crosslinked
PBI membranes.

Taking both proton conductivity and mechanical
strength into consideration, the PA-doped PEI-ER(1 : 1)/PBI
membrane and PEI-ER(1 : 2)/PBI membrane show good
comprehensive performance and were chosen for stability

testing. The variation of proton conductivity with time was
tested at 140°C for 27h. The conductivities were recorded
every hour for the first 7 h and the last 10 h with an interval
of 10 h in the oven at 140°C overnight. As shown in
Figure 6, the proton conductivity first decreased due to the
evaporation of adsorbed water and then remained stable.
After 27h, the proton conductivity could still maintain about
4:9 × 10−2 S cm−1 and 3:8 × 10−2 S cm−1, respectively, demon-
strating excellent proton conductivity durability in high-
temperature and anhydrous environments.

3.7. Fuel Cell Performance. PA-doped PEI-ER(1 : 2)/PBI
membrane was chosen and assembled to perform the fuel cell
tests. Figure 7 shows the polarization and power density
curves of H2/O2 fuel cells obtained at 120

°C and 160°C under
anhydrous conditions. Open circuit voltages of 0.90V and
0.92V were achieved at 120°C and 160°C, respectively, sug-
gesting dense membrane with good gas penetration resis-
tance [35]. Since the reaction kinetics and proton
conductivity can be effectively improved by increasing the
temperature, as expected, the maximum power density
increases with increasing temperature. The highest power
density was measured to be 170mWcm-2 at 160°C. The cell
performances shown in Figure 7 are very encouraging and
demonstrate a promising application of PEI-ER/PBI semi-
IPN membrane for HT-PEMFCs.

4. Conclusions

A series of novel PEI-ER/PBI semi-IPN membranes with
excellent thermal stability and mechanical strength were pre-
pared by in situ crosslinking of ER and PEI in the presence of
PBI. Thanks for the abundant alkaline N-containing func-
tional groups, the PEI-ER/PBI semi-IPN membranes show
high PA doping level. Acid doping amount and swelling rate
as well as proton conductivities of the PEI-ER/PBI mem-
branes increase with increasing PEI content. The highest pro-
ton conductivity of 7:8 × 10−2 S cm−1 at 160°C is achieved for
PA-doped PEI-ER(2 : 1)/PBI membrane, and the PA-doped
series membranes with PEI : ER lower than 1 : 1 show good
mechanical strength (1.4∽4.2MPa) and high and stable pro-
ton conductivity (higher than 3:5 × 10−2 S cm−1) at tempera-
tures higher than 140°C. The H2/O2 fuel cell performance of
the PA-doped PEI-ER(1 : 2)/PBI membrane gave a peak
power density of 170mWcm-2 at 160°C under anhydrous
conditions, demonstrating promising potential of these PA-
doped PEI-ER/PBI membranes as alternative PEMs for HT-
PEMFC application.
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