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< PAM/PVA semi-IPN hydrogel
membranes were employed to
fabricate HTPEMFCs.

< The anhydrous proton conductivity
reached 0.0525 S cm�1 at 183 �C.

< The unique absorption and reten-
tion of hydrogel membranes make
them candidates in HTPEMs.
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a b s t r a c t

This paper reports the first study that investigates H3PO4-imbibed polyacrylamide/poly(vinyl alcohol)
(PAM/PVA) semi-interpenetrating polymer network (semi-IPN) hydrogel as a high-temperature proton
exchange membrane (PEM). The extraordinary ability of the PAM/PVA hydrogel to absorb a large quantity
of aqueous solution is fully utilized to achieve a high H3PO4 loading, resulting in high proton conductivity
membranes. The anhydrous proton conductivity of a PAM/PVA semi-IPN hydrogel loaded with 73.5 wt%
H3PO4 reaches 0.0525 S cm�1 at 183 �C in dry air. A fuel cell using the thick-film PAM/PVA hydrogel
exhibits a peak power density of 0.225 W cm�2 at 183 �C with pure O2 and H2 as the oxidant and fuel,
respectively. The synthesized membrane also shows excellent acid retention under mechanical load and
high humidity, a valued characteristic for high-temperature PEMs. These performance-ensuring prop-
erties paired with a low-cost synthesis approach demonstrate the new membrane to be a viable
candidate as a high-temperature PEM.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells offer efficient and clean energy conversion from
chemical fuels into electricity. Of all the types of fuel cells, the
proton exchange membrane fuel cell (PEMFC) stands out to be the
most developed one with broadly gained scientific/engineering

knowledge base for potentially widespread commercial use in
stationary and transportation power generation sectors [1e3].
However, today’s state-of-the-art Nafion-based PEMFC technology
will need to further improve on its durability and economy in order
to become a competitive commercial product. The extremely low
tolerances to CO and H2S [4], degradation of cathode performance
associated with agglomerations of Pt-electrocatalysts nanoparticles
and corrosion of carbon support [5,6], complicated and expensive
water management [7], and high cost of electrocatalysts [8], are
among key issues hindering the commercialization of PEMFC
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technology. One solution to address many of these issues is to have
PEMFC operated at a temperature higher than 100 �C. The benefits
gained from an elevated operating temperature encompass
enhanced tolerance to fuel impurities such as CO and H2S, elimi-
nation of water management, improved electrode kinetics,
increased likelihood of using non-precious metals as catalysts,
higher conductivity and smaller heat exchangers or radiators
[7,9,10]. To take advantage of high-temperature PEMFCs, the state-
of-the-art Nafion-based PEMs must be replaced with alternative
membrane materials of chemical stability. Anhydrous blends of
basic polymers such as polyethers [11], polyamines [12], poly-
alcohols [13], polyamides [14] or poly(benzimidazole) (PBI) [15]
with acids such as H3PO4 have been investigated previously as
potential candidates. The polymer in these composite membranes
serves as the support and immobilizer of the prime proton con-
ducting phase H3PO4 [16], not necessarily as an intrinsic proton
conductor. H3PO4-imbibed PBI membrane is a representative of this
kind of composite proton conductor, in which the proton transfer is
proposed to occur along pathways established by protons attached
to benzimidazole rings surrounded by H2PO4

� counterions [17].
By employing polyphosphoric acid as both solvent and poly-
condensation reagent, Benicewicz and co-workers have demon-
strated that the PBI membrane can achieve high-performance and
durability necessary for commercial high-temperature PEMFCs
[18e20].

In the search for new classes of high-temperature PEMs, we
have recently investigated the pertinent properties of crosslinked
polyacrylamide (PAM) imbibed with H3PO4. Early work in this area
was mainly focused on using either commercial PAM mixed with
aqueous H3PO4 solution [14] or acrylamide monomer blended with
an initiator to copolymerize with aqueous H3PO4 solution, for
application in electrochromic windows [21e24]. The proton
conductivity of thus formed composite membranes evaluated
under hydrated state was in the order of 10�2 S cm�1 at ambient
temperature [21e23] and in the order of 10�3 S cm�1 under
anhydrous state at 100 �C [24]. Since the formed polymer had linear
structure or non-crosslinked, it is more susceptible to water attack
(partially soluble in water), limited H3PO4 loading (or attachment),
non-uniform H3PO4 distribution, and poor thermal/chemical and
mechanical stabilities.

Here we report for the first time the synthesis and character-
ization of a new class high-temperature proton conductor con-
sisting of NMBA (N,N0-(methylene)bisacrylamide)-crosslinked 3D
framework PAM imbibed with anhydrous H3PO4. Since the formed
PAMmembrane is a highly hydrophilic hydrogel, it allows H3PO4 to
be easily incorporate into the 3D framework from its aqueous
solution due to its large absorption capacity. The dried anhydrous
H3PO4-imbibed PAM membrane has an excellent ability to retain
H3PO4 and thermal/chemical stability at 100e200 �C. Poly(vinyl
alcohol) (PVA) is also added to increase mechanical strength and
film-forming capability of the resultant membrane by forming
a semi-interpenetrating polymer network (semi-IPN). More
importantly, high proton conductivity is warranted by the high
H3PO4 loading benefited from the extraordinary “absorption”
capability of hydrogel materials, the properties of which have been
widely utilized in the areas of tissue engineering [25], artificial
muscles [26], contact lens [27], drug delivery [28], sensors [29], and
dye reclamation [30].

2. Experimental section

2.1. Synthesis of PAM/PVA semi-IPN composites

The PAM/PVA semi-IPN composites were synthesized according
to a simple two-steps method described in our previous reports

[31,32]. In detail, a mixture solution 1 consisting of acrylamide
monomer (7.5 g, 99þ%, electrophoresis grade) and crosslinker N,N0-
(methylene)bisacrylamide (0.002 g, NMBA, 96%) was made by
agitating in DI-water (10 mL) in a water-bath at 90 �C. Under the
vigorous stirring, ammonium persulfate (APS, 98%) (0.015 g) was
added to the above mixture. With the proceeding of polymeriza-
tion, the viscosity increased gradually. When the viscosity of the
PAM pre-polymers reached around 140 mPa s�1, another homo-
geneous solution 2 consisting of PVA (hydrolyzed, Mw ¼ 16,000,
1.2 g) and NMBA (0.002 g) was added. To continue the polymeri-
zation, another 0.015 g of APS was added into the above reagent
solution until the viscosity of the system reached around
180 mPa s�1. Finally, the reagent was poured into a Petri dish and
cooled to room temperature with the formation of an elastic
transparent gel. The PAM/PVA membranes were then molded into
4 3 cm die. After rinsing with DI-water, the membranes were dried
under vacuum at 50 �C for 24 h.

2.2. Preparation of H3PO4-imbibed PAM/PVA semi-IPN membranes

The dried PAM/PVA semi-IPN membranes were immersed in
H3PO4 aqueous solution with concentration varying from 0.1 to
10 M in a sealed bottle at room temperature for 3 days to reach
absorption equilibrium. The resultant product was then filtered and
dried under vacuum at 60 �C for 2 days to drive off all water as
much as possible and obtain the final H3PO4-imbibed PAM/PVA
hydrogel membranes. The actual H3PO4 loading (wt%) was deter-
mined by titration with 0.1 M sodium hydroxide as the neutralizer.
Every sample was first mixed in 20 mL of previously boiled (to
remove carbon dioxide) DI-water and allowed to stir for at least
30 min, followed by titrating using a Metrohm 716 DMS Titrino
titrator. The first equivalence point was used to determine the
volume of sodium hydroxide necessary for neutralization.

2.3. Electrochemical characterizations

The proton conductivity of the H3PO4-imbibed PAM/PVA
membranes in either hydrous or anhydrous state were character-
ized with ac-impedance spectroscopy using a Zahner IM6 Electro-
chemical Workstation (ZAHNER-Electrik Gmbh & Co., Kronach,
Germany) in a frequency range of 0.04 Hze1 MHz and an ac
amplitude of 10 mV in temperature range of 25e183 �C. Double
coated PELCO Tabs� carbon conductive tapes (TED PELLA, INC, 90%
of polymer acrylic adhesive and 10% of carbon black) with a thick-
ness of 0.1 mm were used as the electrodes. The ohmic resistance
associated with the membrane was determined from the high
frequency intersection of the spectrumwith the Z0 axis, fromwhich
the proton conductivity can be calculated based on dimensional
information.

2.4. Evaluation of H3PO4 retention

To evaluate the H3PO4 retention ability of H3PO4-imbibed PAM/
PVAmembrane, the membranes with 73.5 wt% H3PO4 loading were
placed in an oven at 80 �C and mechanical pressure of 2.1 � 104 Pa
with or without 100% RH air. Thus treated samples were then
titrated to determine the loss of H3PO4.

2.5. Membrane electrode assembly (MEA) and fuel cell tests

The gas diffusion electrodes (GDE, acquired from BASF Fuel Cell,
Inc., formerly E-Tek, Inc.) with a platinum loading of 1.0 mg cm�2,
were used for this study. TheMEAwith an active area of 10 cm2 was
fabricated by hot-pressing a H3PO4-imbibed PAM/PVA membrane
between the two Kapton framed electrodes. The MEA was then
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assembled into a single cell fuel cell testing rig. The gas flow fields
were made from graphite plates with single serpentine gas chan-
nels. Stainless steel end plates with attached heaters were used to
clamp the graphite flow plates. A commercial fuel cell testing
station (Fuel Cell Technology, Inc.) was used for fuel cell testing,
while H2 and air or pure oxygenwere fed to the anode and cathode
without any humidification, respectively. The instrument was
controlled by home-programmed LabView Software (National
Instruments, Austin, TX).

2.6. Other characterizations

Themorphologies of the hydrous and anhydrous H3PO4-imbibed
PAM/PVA membranes were captured with a Zeiss Ultra Plus field
emission scanning electron microscopy (FESEM). To observe the
internal 3D microstructure of the membrane after water was
removed, a swollen H3PO4-imbibed PAM/PVA membrane was first
cut into ultrathin films, followed by loading into a chamber under
freezing temperature and high vacuum to remove water. Fourier
transform infrared spectrometry (FTIR) spectra were recorded on
a PerkinElmer spectrum 100 FTIR spectrometer in an ATR mode.

3. Results and discussion

3.1. Structural analysis

The crosslinking of 3D framework hydrogel of hydrophilic PAM
in the presence of film-forming facilitator PVA is schematically
illustrated in Fig. 1 [31,32]. A mechanism for the polymerization
process of the membrane is proposed in the Supporting
information, along with more details on the synthesis of H3PO4-
imbibed PAM/PVA semi-IPN membranes.

The physical appearance of the as-synthesized PAM/PVA
membrane is shown in Fig. 2a, the microstructure of which was
revealed by SEM to be fully dense with no open pores. After the
membrane was imbibed in concentrated H3PO4 aqueous solution,
its volumewas appreciably enlarged, Fig. 2c, by the accommodation
of water and H3PO4 molecules into the 3D hydrogel framework. To
reveal the interconnected porous microstructure of the H3PO4-
imbibed swollen PAM/PVA semi-IPN hydrogel membrane, the
sample was freeze-dried. The microstructure shown in Fig. 2c
indicates that the resultant PAM/PVA hydrogel membrane is indeed
awell-interconnected, interpenetrating network capable of holding
a large amount of H3PO4 in the microporous structure. Interest-
ingly, the membrane imbibed with anhydrous H3PO4 becomes fully
dense after being dried at 60 �C, Fig. 2b. At this stage, the imbibed
H3PO4 molecules appear completely caged inside the PAM/PVA
semi-IPN matrix and either form hydrogen bonds with the elec-
tronegative atoms such as O and N in OeH, CeN, C]O and NH2
groups abundant in the framework of PAM/PVA semi-IPN, or
establish its own proton conduction pathways via its P]O/HeO
hydrogen bonds. The protons can then migrate along these
hydrogen bonds throughout the membrane by successive proton

transfer and reorientation steps [33] schematically shown in
Fig. 2d. It is noteworthy to mention that the loading of H3PO4
aqueous solution by PAM/PVA semi-IPN membrane is driven by
osmotic pressure gradient across the membrane [34], in which the
H3PO4 imbibing occurs at a molecular scale. Upon driving off water
molecules during the dehydration step, the 3D PAM/PVA semi-IPN
molecular chains shrink, leaving the imbibed H3PO4 caged inside
the 3D framework. The nature of H3PO4 being caged inside the 3D
framework of the membrane gives rise to an excellent acid reten-
tion ability. In contrast, the permeation of H3PO4 into a pre-existing
porous structure is mainly due to the capillary force of the nano-/
micro-pores [9,35,36]. Thus incorporated H3PO4 molecules can
easily escape from their host porous structure under conditions
different from which H3PO4 molecules were originally imbibed.

The formation of hydrogen bonds in the PAM/PVS membranes
was confirmed by the comparison of FTIR spectra between pure
PAM/PVA andH3PO4-imbibed PAM/PVAmembranes shown in Fig. 3.
The absorption bands at 1681 (C]O stretching), 1456 (CeN
stretching), 1224 (NH2 wagging), and 992 (OeH deformation) cm�1

of the pure PAM/PVA were clearly shifted to lower wave numbers,
i.e., 1652, 1426, 1202, and 948 cm�1, respectively, for the 63.0 wt%
H3PO4-imbibed PAM/PVA membrane. This shift is a sign of the
formation and concentration of OeH/O]C and OeH/NeC

Fig. 1. Schematic of a “two-step” synthesis of the PAM/PVA semi-IPN membrane.

Fig. 2. Cross-sectional microstructures of (a) as-synthesized, (b) anhydrous H3PO4-
imbibed PAM/PVA membrane (H3PO4 loading: 73.5 wt%), (c) as-swollen by H3PO4

aqueous solution, and (d) proposed proton transfer mechanism in H3PO4-imbibed
PAM/PVA semi-IPN membrane under anhydrous conditions.

Q. Tang et al. / Journal of Power Sources 229 (2013) 36e4138



Author's personal copy

hydrogen bonds [14,37]. The membrane with the maximum H3PO4
loading of 73.5 wt% showed the greatest shift, indicating the highest
concentration of hydrogen bonds formed. The presence of H2PO4

�

moieties at 1110 cm�1 further implies that the transport of protons
may occur via Grotthuss mechanism, involving exchange of protons
between Bronsted-type acid (H3PO4) and Bronsted-type base
ðH2PO4

�Þ.

3.2. Proton conductivity

The proton conductivity of the membrane measured under dry
air from 25 to 183 �C followed an Arrhenius relationship reasonably
well as shown in Fig. 4a. It is interesting to note that the activation
energy, Ea, systematically increases with the H3PO4 loading, which
is opposite to that of H3PO4-doped PBI membranes [38], but similar
to that of linear PAM/H3PO4 membranes [14]. Only at higher H3PO4
loading was Ea closer to that of pure H3PO4 (Ea ¼ 23.05 kJ mol�1).
The much lower Ea at lower H3PO4 loading seems to suggest
a different proton conduction mechanism from that of pure H3PO4.
We hypothesize that at low H3PO4 loading, protons in H3PO4 form
hydrogen bonds in low concentration with the functional group
hosts C]O, CeN, NH2 or OeH in PAM/PVA semi-IPN. These
hydrogen bonds serve as the pathways for proton transfer as
illustrated in Fig. 2d. The exceptionally low Ea seems to suggest that
such a proton transfer is a facile process, but the low conductivity is

mainly the result of low concentration of protons or hydrogen
bonds formed between H3PO4 and PAM/PVA semi-IPN matrix. As
the H3PO4 loading increases, H3PO4 itself eventually forms
a percolated network to transfer protons, as shown in Fig. 4b [14].
This is also the reason why Ea at higher H3PO4 loading is closer to
that of pure H3PO4 [16].

An important feature of conductive composite materials is
that their overall conductivity is strongly influenced by the volu-
metric fractions of constituents in thematerials [39,40]. The H3PO4-
imbibed PAM/PVA membrane is no exception. The ambient
temperature conductivity of this membrane is shown in Fig. 5 as
a function of the loading of H3PO4. The proton conductivity is
clearly seen to vary with H3PO4 loading in a range up to four orders
of magnitude. At ambient temperature, the measured conductivity
of a pure anhydrous PAM/PVA is 2.06 � 10�8 S cm�1, compared to
2.22 � 10�3 S cm�1 of that with 73.5 wt% H3PO4 loading. An abrupt
increase in conductivity is observed at around 60 wt% H3PO4,
suggesting it the threshold for the formation of percolating proton
pathways. The conductivity response of the membrane can be
described by traditional percolation theory:

s ¼ Cjf � fcjb (1)

where s is the proton conductivity, f is the weight percent of H3PO4
in the membrane, fc is the percolation threshold where the
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transition takes place, C is a constant, and b is the critical exponent
(an index of system dimensionality, theoretically 1.3 and 1.94 for
ideal 2D and 3D systems, respectively [39]). The H3PO4 fraction at
which an insulatoreconductor transition is observed refers to as
the percolation threshold. In order to determine the percolation
threshold, we have fitted the experimental datawith Eq. (1) and the
resultant fitting is drawn as the solid line in Fig. 5. The best fit yields
fc ¼ 58.4 wt% and b ¼ 2, which is very close to 1.94 for a 3D
percolated network of randomly distributed particles. This makes
sense in that these membranes behave like a 3D framework as the
membrane thickness is considerably greater than the size of H3PO4
molecules. However, the same phenomenon is not observed in
H3PO4-doped PBI membranes [41]. The percolation threshold value
for conductivity in Fig. 5 is almost the same to that for shown in
Fig. 4b, further supporting the formation of percolated H3PO4-
networks.

3.3. Stability

The conductivity stability of the H3PO4-imbibed PAM/PVA
membranes (73.5 wt% H3PO4 loading) measured under anhydrous
conditions is shown in Fig. 6a for two different temperatures. No
sign of degradation can be detected during the short 20-h
measurement. The measured anhydrous proton conductivity was
0.0525 S cm�1 at 183 �C, the highest among chemically similar but
structurally linear systems. Interestingly, the H3PO4 contents
determined under a mechanical pressure of 2.1 � 104 Pa and air
with 100% RH at 80 �C remain relatively unchanged in Fig. 6b,
suggesting that the membrane possesses a good H3PO4 retention
ability. This unique ability may be attributed to the “cage” effect
from the 3D framework formed during the dehydration process.

3.4. Fuel cell performance

A H3PO4-imbibed PAM/PVA membrane with a thickness of
500 mm was eventually assembled into a fuel cell for performance
evaluation. Detailed description of fuel cell assembly can be found
in the Experimental section. The VeI and PeI characteristics
measured at 132 and 183 �C with dry H2 as the fuel and dry air or
pure oxygen as the oxidant are shown in Fig. 7. A maximum power
density of 225 mW cm�2 @ 0.64 A cm�2 was achieved at 183 �C
with pure oxygen as the oxidant. While the demonstrated perfor-
mance is lower compared to the hydrated Nafion [42] and H3PO4-
doped PBI [43], the overall performance is satisfactory and
comparable to other proposed PEMFCs [7,44e46], considering the
fact that both membrane and electrode were not optimized. The
cell ohmic resistance was approximately 30 mU at 183 �C, which is
close to the calculated membrane resistance of w32 mU using the
conductivity shown in Fig. 4a. The sharp decrease in voltage at low
current density signals a high activation polarization of the elec-
trode limiting the overall cell performance.

4. Conclusions

In summary, a new class of H3PO4-imbibed crosslinked 3D
framework PAM/PVA semi-IPN composite polymers have been
synthesized as high-temperature PEMs by a simple, low-cost, two-
step approach. The synthesized membranes have an excellent
H3PO4 retention ability and are thermally stable and mechanically
strong. The protons transfer via the Grotthuss mechanism,
migrating across hydrogen bonds present in H3PO4 as well as those
formed between Hþ in H3PO4 and the functional groups C]O, CeN,
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NH2 and OeH in PAM/PVA. The H3PO4 is effectively caged inside the
3D framework after dehydration, mitigating the loss of H3PO4. A
high and stable anhydrous proton conductivity of 0.0525 S cm�1 is
obtained at 183 �C. A fuel cell using a thick membrane as a PEM
showed a peak power density of 0.225 W cm�2 with O2 and H2 as
the oxidant and fuel, respectively. These attributes demonstrate the
PAM/PVA to be a viable high-temperature PEM. More importantly,
the idea to use 3D framework hydrogel materials as a matrix to
imbibe intrinsic proton conductors can be applied to other systems
such as nonionic hydrogels with high salt-resistance and high
absorbency to enhance H3PO4 loading and therefore proton
conductivity. The thermal and mechanical performances and water
absorbency can also be improved by combining clays with poly-
electrolytes, such as starch-graft-polyacrylamide/kaolinite [47]
and poly(acrylate-co-acrylamide)/vermiculite systems [48], which
constitutes our future development.
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