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a  b  s  t  r  a  c  t

Novel  aromatic  polyether  type  copolymers  bearing  side  chain  polar  pyridine  rings  as  well  as  combina-
tion  of  main  and  side  chain  pyridine  units  have  been  evaluated  as potential  polymer  electrolytes  for
proton  exchange  membrane  fuel  cells  (PEMFCs).  The  advanced  chemical  and  physicochemical  properties
of these  new  polymers  with  their  high  oxidative  stability,  mechanical  integrity  and  high  glass  tran-
sition  temperatures  (Tg’s up  to 270 ◦C)  and  decomposition  temperatures  (Td’s up to 480 ◦C) make  them
promising  candidates  for high  and  medium  temperature  proton  exchange  membranes  in  fuel  cells.  These
copolymers  exhibit  adequate  proton  conductivities  up  to  0.08  S  cm−1 even  at moderate  phosphoric  acid
olymeric materials
tructure–property relationships
olymer electrolytes
edium/high temperature PEM

doping  levels.  An  optimized  terpolymer  chemical  structure  has  been  developed,  which  has  been  effec-
tively  tested  as  high  temperature  phosphoric  acid  imbibed  polymer  electrolyte.  MEA prepared  out  of
the novel  terpolymer  chemical  structure  is approaching  state  of  the  art  fuel  cell  operating  performance
(135  mW  cm−2 with  electrical  efficiency  45%)  at high  temperatures  (150–180 ◦C)  despite  the  low  phos-
phoric  acid  content  (<200  wt%)  and  the low  platinum  loading  (ca.  0.7  mg  cm−2).  Durability  tests  were
performed  affording  stable  performance  for  more  than  1000  h.
. Introduction

Fuel cells offer a reliable solution to the environmental friendly
nergy production since they have the flexibility to be adapted to
he diverse energy sources. Among the different types of fuel cells,
olymer electrolyte membrane fuel cells (PEMFCs) have the high-
st potential for market penetration addressing automotive and
tationary applications [1].  Up to now, perfluorosulfonic ionomer
embranes such as Nafion (Du Pont) and similar materials by other
anufacturers [2–4] as well as alternative polymeric materials

ased on aromatic backbones [5–11] have been tested as poly-
er  electrolyte membranes in fuel cells. According to the operation
emperature, PEMFCs can be classified in three subcategories. The
rst category is based on the traditional low temperature PEMFCs
ith operation temperature up to 80 ◦C mainly due to their need
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for humidified gases since their high performance is closely related
to the hydration level of the membrane.

Medium temperature PEMFCs are considered those with oper-
ation temperatures between 80 ◦C and 130 ◦C which are able to
operate with low humidity gases [12–16].  This operation tempera-
ture range is the most preferable for automotive application and the
working principle of medium temperature PEMFCs is based on the
use of composite membranes operating under low humidity condi-
tions or heterocycle based Brønsted bases that can act as anhydrous
proton conductors. More specifically, heterocycles such as imida-
zole, pyrazole or benzimidazole have been demonstrated to be
useful substitutes for water at temperatures up to 140 ◦C. Kreuer
et al. emphasized the proton-conducting properties of nitrogen-
containing aromatic heterocycles and discussed the relationship
between structure, self-dissociation and proton conductivity. The
pure materials exhibited moderate conductivities in the liquid state
which was ascribed to some degree of self-dissociation and they
are known for extraordinary thermal and/or chemical stability and
have transport coefficients similar to those of water at higher tem-

peratures. Similar to water, they are able to form hydrogen-bond
networks, they are amphoteric and undergo autoprotolysis to a
much higher degree than water leading to high proton conductiv-
ity even in the pure state. However, a general disadvantage of all

dx.doi.org/10.1016/j.jpowsour.2011.06.031
http://www.sciencedirect.com/science/journal/03787753
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ow molecular weight proton solvents is their volatility and hence,
 high temperature application requires their immobilization in
he polymer membrane where a high local mobility of the pro-
on solvent and the protonic charge carriers therein has still to be
uaranteed [17–23].

Finally, high temperature PEM fuel cells (140–200 ◦C) offer
he distinct advantages of high carbon monoxide (CO) tolerance,
nhanced kinetics on both electrodes, easier thermal management
nd the ability to use stack waste energy for heat cogeneration
ncreasing the total efficiency and are the preferable choice for
tationary applications. Polymeric materials of particular proper-
ies have to be used as electrolytes for high temperature MEAs
n order to withstand the harsh conditions during the fuel cell
peration. The polymeric material should possess good mechan-
cal, thermal, chemical and oxidative stability, high glass transition
emperature and high proton conductivity while the membrane
lectrode assembly (MEA) should possess good mechanical stabil-
ty, long term chemical stability under continuous operation and
ycling conditions and small voltage drop. Among the different
deas, the one that seems more mature and reliable is based on

aterials that combine acid–base interactions in order to acquire
igh proton conductivity (10−1 S cm−1) at temperatures ranging
etween 140 ◦C and 200 ◦C.

Polybenzimidazole (PBI) [24–32] is the state of the art high
emperature polymer electrolyte, combining high thermal stability
ith increased proton conductivity after doping with phosphoric

cid. The polymeric membranes are imbibed with phosphoric acid
o that the proton acceptor sites of the benzimidazole ring interact
ith the phosphoric acid molecules due to acid–base interactions
roviding conducting materials. Although PBI based systems have
een extensively studied at various operating conditions, there are
ome drawbacks with regards to its moderate mechanical prop-
rties, specifically for the doped membranes with phosphoric acid,
nd low oxidative stability [30]. There is a significant research effort
owards the development of some novel polymeric materials which
an be used alternatively to PBI. One case is the simpler polybenz-
midazole derivative poly(2,5-benzimidazole) (ABPBI) [33–36] that
as been investigated as an alternative fuel cell membrane mate-
ial. ABPBI doped with phosphoric acid provide membranes which
re stable at the operating temperatures of high temperature PEM
uel cells.

Our approach towards the development of high temperature
olymer electrolyte membranes is based on the use of aromatic
olyether polymers or copolymers that bear pyridine units. Aro-
atic polyether backbones are chosen for their high mechanical,

hermal and chemical stability, while the incorporation of polar
yridine groups aids in the retention of phosphoric acid [37–42].

n this paper, pyridine units are inserted in the polymer backbone
ither as side chain substituents or both as main chain units and
ide chain groups. The presence of side chain pyridine has enhanced
he amount of absorbed phosphoric acid. Copolymers bearing sul-
one, phosphinoxide and tetramethyl moieties have been prepared,
ombining different monomers that result in tailor made polymeric
aterials. All polymers are pre-screened in terms of their criti-

al physicochemical properties and especially in relation to their
hosphoric acid doping ability. Selected copolymers were fabri-
ated into MEAs and their electrochemical features and fuel cell
erformance was studied at high temperatures.

. Experimental
.1. Instrumentation

Gel permeation chromatography (GPC) measurements were
arried out using a Polymer Lab chromatographer equipped with
ources 196 (2011) 9382– 9390 9383

two  Ultra Styragel Columns (104, 500 Å), UV detector (254 nm),
CHCl3 as eluent and polystyrene standards for calibration. Dynamic
mechanical analysis (DMA) measurements were carried out using
a Solid-State Analyzer RSA II, Rheometrics Scientific Ltd., at 10 Hz.
Thermogravimatric analysis (TGA) was carried out on 10 mg  sam-
ples placed in alumina crucibles in a Labsys TM TG of Setaram
under nitrogen and at a heating rate of 10 ◦C min−1. Conduc-
tivity measurements were conducted by the four-probe current
interruption method using a potentiostat/galvanostat (EG and G
model 273) and an oscillator (Hitachi model V-650F). Electro-
chemical characterization including MEA  conductivity and fuel
cell performance testing was  carried out using the potentio-
stat/galvanostat Autolab PGSTAT30 equipped with the Booster 20A
(Eco Chemie).

2.2. Materials

Monomers and polymers were prepared according to literature
procedure [43,44]. Bis(4-fluorophenyl)-sulfone, and 3,3′,5,5′-
tetramethyl-[1,1′-biphenyl]-4,4′-diol were obtained from Aldrich.
Solvents were purchased from Aldrich and were used without fur-
ther purification.

For the materials used in electrode construction, carbon cloth
supporting layer and catalyst powder (30 wt%  Pt/Vulcan XC-72R)
were purchased from E-TEK Inc., SAB carbon powder was purchased
from Cabot Inc. and PTFE dispersion in water from Aldrich.

2.3. Membrane/electrodes preparation and MEA
fabrication/characterization

The phosphoric acid content in the membrane (100–220 wt%)
was  controlled by immersing a dry membrane (dried at 160 ◦C
for 3 d in order to remove any excess of dimethylacetamide after
the casting procedure at 80 ◦C) in H3PO4 85 wt% at certain tem-
perature and time depending on the sample’s chemical structure.
The electrodes were comprising carbon cloth from E-TEK Inc., and
home made gas diffusion layer (GDL) and catalytic layer. The GDL
was  made of Shawinigan acetylene black (SAB) carbon powder
and PTFE dispersion in water which was  treated at 300 ◦C under
static air for 40 min. The catalytic layer was prepared by spray-
ing an ink on the GDL, which was  prepared by mixing the catalyst
powder (30 wt%  Pt/C, E-TEK Inc.) and the desired amount of poly-
meric binder that was dissolved in DMA. The as prepared electrode
was  treated for 12 h at 80 ◦C and 3 d at 190 ◦C under vacuum in
order to remove the organic solvent. Before the MEA  assembly a
certain amount of phosphoric acid was sprayed onto the catalytic
layer.

The phosphoric acid impregnated membranes (doping
level = 100 or 190 wt%) were sandwiched between the two Pt
electrodes and were hot pressed at 150 ◦C for 5 min. In this work,
the cathode side and the anode side use the same electrodes with
catalyst loading 0.7–0.8 mg  cm−2.

Pure and dry hydrogen and oxygen gases were supplied to
the anode and cathode compartments, respectively, for the oper-
ation of the cell at 120–180 ◦C and at ambient pressure. The
effective dimensions of electrodes were 5 cm × 5 cm and the elec-
trochemical evaluation was carried out in a single cell with
serpentine flow channels (Fuel Cell Technologies Inc.). The mea-
surements were made in two-electrode arrangement. Polarization
curves were recorded at different temperatures using the potentio-
stat/galvanostat PGSTAT30 with the steady state current recorded

for 30 s after each potential was set. The electrochemical impedance
spectra (EIS) were recorded at 0.5 V and 0.65 V in the frequency
range of 10 mHz  to 20 kHz with an amplitude of sinusoidal signal
of 10 mV,  using the same equipment.
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structures of polymers I–V.
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Table 1
Molecular weight characteristics of the synthesized copolymers I–V.

Code Copolymers Mn Mw PDI Film quality

Ia 3-dPPy(10)coPES 2000 2000 1.0 +
Ib 3-dPPy(50)coPES 10,000 17,000 1.7 +++
IIa 3-dPPy(10)coPO 16,000 31,000 1.9 +++
IIb 3-dPPy(50)coPO 4000 6000 1.5 +
IIIa 2-dPPy(10)coPES 12,000 15,000 1.3 +
IIIb 2-dPPy(50)coPES 13,000 18,000 1.4 ++
IVa 2-dPPy(10)coPO 15,000 25,000 1.7 ++
IVb 2-dPPy(50)coPO 13,000 20,000 1.5 +
Scheme 1. Chemical 

. Results and discussion

.1. Polymeric materials

In order to use heterocyclic groups, like pyridine, as possi-
le interaction sites with the strong acids but at the same time
onsidering those groups as solubilizing substituents of the rigid
romatic polymers, new monomers that possess the specific char-
cteristic are needed. The diols 1,4-bis(2-pyridine)-hydroquinone
nd 1,4-bis(3-pyridine)-hydroquinone have been previously syn-
hesized and used for aromatic polyether synthesis [43,44]. In this
ork these diols are used in combination with the linear 2,5-bis(4-
ydroxyphenyl)-pyridine for the preparation of copolymers and
erpolymers bearing side and main chain pyridine moieties. As it
as shown previously the pyridine groups interact with the phos-
horic acid molecules providing ionically conducting membranes
ased on aromatic polyethers [37–42].  The chemical structure of
ll the synthesized polymers are presented in Scheme 1.

In order to verify whether high molecular weights polymers
ith good film forming properties can be obtained by the use

f the side pyridine diols, the copolymers 3-dPPy(x)coPES (I),
-dPPy(x)coPO (II), 2-dPPy(x)coPES (III) and 2-dPPy(x)coPO (IV),
here x is the percentage of the side pyridine diol, were syn-

hesized. The molecular weights of I–IV which were measured
sing GPC are depicted in Table 1. Although interaction with
he columns is possible, the copolymers III and IV demonstrate
igh molecular weights and in some cases good film forming
roperties were obtained (Table 1). The copolymers with the bis(4-
uorophenyl)-sulfone moiety exhibit better solubility when the

ontent of the side pyridine diol is increased, while the opposite
ehaviour is observed in the case of the copolymers with the bis(4-
uorophenyl)-phenylphosphinoxide probably due to the different
acking of the polymeric chains.
Va 3-dPPy(5)coPPy(57)T(38)S 52,000 75,000 1.4 +++

+, good; ++, very good; +++, excellent.

In an attempt to increase the solubility and as a sequence to
further improve the film forming properties of the copolymers, the
terpolymer 3-dPPy(5)coPPy(57)coT(38)S (Va, Scheme 1) has been
synthesized and the chemical structure was verified by NMR  spec-
troscopy. This copolymer is a modification of the general chemical
structure of copolymer I, where the 3,3′,5,5′-tetramethyl-[1,1′-
biphenyl]-4,4′-diol has been added, aiming to higher solubility at
high molecular weights so that a membrane with good film form-
ing properties can be achieved. The terpolymer Va exhibit increased
molecular weight as compared with all other copolymers examined
here and excellent film forming properties (Table 1).

3.2. Mechanical properties and oxidative stability

Dynamic mechanical analysis (DMA) was used to examine the

mechanical properties of the copolymers. The glass transition tem-
peratures (Tg’s) of the diphenylsulfone (3dPPy(x)coPES) and the
phenylphosphinoxide (3dPPy(x)coPO) copolymers are in the range
of 246–273 ◦C depending on the structure and the copolymer
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Fig. 1. Temperature dependence of the storage (E′) and loss (E′′) modulus for poly-
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being induced on the imidazole and pyridine groups due to the pro-
tonation of the corresponding nitrogen atoms by the phosphoric
acid. These interactions though of ionic nature could not possibly
contribute significantly to the ionic conductivity of the membrane
ers: 3-dPPy(50)coPES (Ib), 3-dPPy(10)coPO (IIa) and 3-dPPy(5)coPPy(57)coT(38)S
Va) before (�, �, �) and after (�, ©,  �) the treatment with H2O2, respectively.

omposition [44]. Comparing the same copolymer structures, an
ncrease in the glass transition temperature was  obtained as the
ercentage of the side pyridine diol in the copolymer decreases.
he 2-pyridine substituted copolymers III and IV also exhibit high
lass transition temperature in the range of 247–252 ◦C. The sim-
lar Tg values of all tested copolymers with similar MW strongly
ndicate that the position of the nitrogen atom in the side pyri-
ine ring does not influence the thermal transitions of the resulting
aterials.
Terpolymer Va exhibits similar Tg value to the copolymers I–IV,

hus indicating that the introduction of 3,3′,5,5′-tetramethyl-[1,1′-
iphenyl]-4,4′-diol in the backbone of copolymer Ib did not affect
he transition temperatures of the polymer. On the other hand,
he introduction of the aforementioned diol leads to the synthe-
is of soluble polymers with high molecular weight (Mw > 70000),
hich is one of the main prerequisites for the casting of high quality
embranes.
The chemical, thermal and oxidative stability of the copolymers

as tested using the Fenton’s test [45–47].  The membrane sam-
les were immersed into 3 wt% H2O2 aqueous solution containing
errous ions at 80 ◦C for 72 h. The weights of dried samples before
nd after the experiment were compared and found unchanged.
n all cases, the membranes retained their mechanical integrity
s measured with dynamic mechanical analysis (Fig. 1) and their
igh thermal stability (above 400 ◦C) as detected with thermo-
ravimetric analysis (Fig. 2) before and after the treatment. Just
or comparison, the polybenzimidazole (PBI) membranes are bro-
en into small pieces (loss of mechanical integrity) after 30 min  of
xposure to the Fenton’s test conditions, while after 20 h showed

 weight loss of about 15% [30,47]. The reason for the superior
xidative stability of our materials is attributed to the more robust
hemical structure of aromatic polyethers and the pyridine groups
s compared to the more sensitive to oxidation imidazole rings
n the PBI structure [48,49]. The argument whether the higher
ydrophobicity of aromatic polyether polymer structures that have

een synthesized in the present study, compared to PBI, protects
he polymers from oxidation by preventing the penetration of the
ree radicals into the membrane’s structure, was previously clar-
fied by testing hydrophilic blends of our polymers with water
Fig. 2. Thermogravimetric analysis for polymers: 3-dPPy(50)coPES (Ib), 3-
dPPy(10)coPO (IIa) and 3-dPPy(5)coPPy(57)coT(38)S (Va) before (�,  �, �) and after
(�, ©,  �) the treatment with H2O2, respectively.

soluble polymers, which were shown to withstand the oxidative
degradation under identical Fenton’s test conditions [50].

3.3. Doping ability

The doping ability of these film forming materials is of utmost
importance since the ability of the polymeric membranes to absorb
phosphoric acid determines to a certain extent the performance of
the cell. The direct interactions of the phosphoric acid with either
the pyridine or the imidazole moieties have been proven by means
of FT-Raman spectroscopy [51]. These were shown by the blue
shifts of the symmetric stretch of the imidazole group of the PBI
and of the pyridine groups. The smaller blue shift of the symmetric
stretch of the pyridine group with respect to the corresponding shift
of the imidazole is in accordance with the weaker basic character of
the pyridine group (imidazole pKa: 7.0, pyridine pKa: 5.25). These
characteristic shifts were attributed to the positive charge that is
Fig. 3. Time dependence of doping level (wt%) of polymers: 3-dPPy(50)coPES (Ib),
3-dPPy(50)coPO (IIb) and 3-dPPy(10)coPO (IIa) at 25 ◦C (�, �, �) and 50 ◦C (�, ©,
�),  respectively.



9386 M. Geormezi et al. / Journal of Power Sources 196 (2011) 9382– 9390

Fig. 4. Time dependence of doping level (wt%) of polymers: (a) 2-dPPy(50)coPES (IIIb) and 2-dPPy(10)coPO (IVa) at 25 ◦C (�, �) and 50 ◦C ( ,�) and (b) 3-
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PPy(5)coPPy(57)coT(38)S (Va) at 50 ◦C (�), 80 ◦C (�) and 100 ◦C (�), respectively.

ue to their extent, as well as the size and the immobilization of
he species involved. Instead they constitute the substrate on which
he excess phosphoric acid network will be developed within the

atrix of the polymer blend [52]. So, the conductivity depends not
nly on the basicity and the doping ability of the polymer elec-
rolyte but also the structure of the polymer and the morphology
lay a significant role in the conduction mechanism.

The membranes were immersed into H3PO4 85 wt% at vari-
us temperatures and for different doping times. The evolution

f the acid uptake of the membranes was followed by removing
he imbibed membranes from the acid bath at successive time
eriods, wiped them dry and quickly weighted. The acid uptake
f the membranes is defined as the weight percent (wt%) of the
acid per 100 g of polymer. The doping level evolution with respect
to time is depicted in Figs. 3 and 4. With increasing doping tem-
perature and for higher side diol content, the phosphoric acid
doping level increases, reaching plateau values at 800 wt%  and
900 wt%  H3PO4 doping level for the copolymers 3-dPPy(50)coPES
(Ib) and 2-dPPy(50)coPES (IIIb) respectively, at 50 ◦C and at rel-
atively short period of time. It is worth mentioning that even at
room temperature these copolymers exhibit extremely high dop-
ing ability reaching values as high as 500 wt%. More specifically, at

25 ◦C the copolymer 3-dPPy(50)coPES (Ib) reaches a value of about
500 wt%  while copolymer 3-dPPy(50)coPO (IIb) reaches 400 wt%.
At 50 ◦C doping values of 800 wt%  and 500 wt%  for copolymers
3-dPPy(50)coPES (Ib) and 3-dPPy(50)coPO (IIb) were obtained,
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Fig. 5. Polarization curves for the copolymers: (a) 3-dPPy(50)coPES (Ib) at
several temperatures between 120 ◦C (�), 130 ◦C (�), 140 ◦C (�) and (b) 3-
M. Geormezi et al. / Journal of P

espectively. These measurements show in a systematic way  that
he copolymers with the sulfone groups achieve higher doping
evels than the corresponding materials with phosphinoxide moi-
ties. The present observation is opposed to our previous findings
39,40] where the presence of the phosphinoxide units improve the
oping ability of the copolymers. This was attributed to the chain

inearity interruption caused by the inserted phenylphosphinoxide
nits in the main polymeric backbone. These contradictory results
how that the detailed polymeric structure is very crucial for the
etermination of the final behaviour of the polymeric membranes.

n the present cases this differentiation can be attributed to the dif-
erent packing of the polymeric chains due to the presence of the
ulky side pyridine units. Thus, the interruption of the chain linear-

ty caused by the introduction of the phenylphosphinoxide units
n the main polymeric backbone, obtained in the previous studies
39,40,53], is probably balanced by the presence of the bulky sub-
tituents which may  interrupt the chain linearity contributing also
o the improved doping ability of these polymeric materials.

Comparison between the copolymers with the different posi-
ion of the nitrogen atom of the side chain pyridine ring results
ith a controversial doping behaviour as shown in Fig. 4a. The

opolymers with the bis(4-fluorophenyl)-sulfone moiety showed
igher doping ability when the position of the nitrogen atom

s at the 2 position (compare copolymer 2-dPPy(50)coPES (IIIb)
ith 3-dPPy(50)coPES (Ib)), while the copolymers with the

is(4-fluorophenyl)-phenylphosphinoxide moieties exhibit higher
oping ability when the position of the nitrogen atom is at the

 position (compare copolymer 2-dPPy(10)coPO (IVa) with 3-
PPy(10)coPO (IIa)).

Beyond the various differentiations in the doping ability of the
forementioned copolymers, which are related to variations in the
hemical structure, the main conclusive remark is that the presence
f the side diols in the polymer chemical structure affects signifi-
antly the doping ability of the polymeric membranes. This can be
ttributed to the different packing of the polymeric chains due to
he presence of the bulky side pyridine units. Similar effect has been
bserved for the case of terpolymer 3-dPPy(5)coPPy(57)coT(38)S
ith only 5 mol% side pyridine diol (Va), which approached high
oping levels in the range of 300 wt% at 100 ◦C (Fig. 4b) retaining
he good mechanical properties even at these high doping levels.
he mechanical properties of the doped membranes have been
ested. Doping of terpolymer with 200 wt% H3PO4 decreased the
torage modulus due to intermolecular and intramolecular inter-
ctions that can alter the physical state of the polymer only two
rders of magnitude giving values of 100 MPa  in the temperature of
80 ◦C for the undoped terpolymer and 1 MPa  in the temperature
f 180 ◦C for the doped terpolymer, retaining thus the mechan-
cal integrity of the terpolymer. As already mentioned it seems
hat the structure and most probably the different chain confor-

ation and packing determine the doping behaviour. The effect of
he side pyridine moiety is being proven if a comparison is made
ith the doping ability of the copolymer with similar chemical

tructure [38]. A 5 mol% insertion of the side pyridine diol in this
tructure resulted in an over 100 wt% increase in the H3PO4 doping
evel of the Va copolymer, while maintaining the good membrane
ntegrity.

.4. Electrochemical characterization

Qualitative comparison of the mechanical integrity of the doped
embranes, prepared by representative examples of each copoly-
er  structure that are also good film formers, like copolymers
-dPPy(50)coPES (Ib), 2-dPPy(50)coPES (IIIb), 3-dPPy(10)coPO (IIa)
nd 2-dPPy(10)coPO (IVa), was attempted. The copolymer Ib with
he bis(4-fluorophenyl)-sulfone moiety and 50 mol% side pyridine
nitrogen in 3 position) diol and the terpolymer Va with the three
dPPy(5)coPPy(57)coT(38)S (Va) at 140 ◦C (�), 160 ◦C (�), 180 ◦C (�). Hydrogen: 1.2×
stoichiometry, ambient pressure and 0% RH. Oxygen: 1.5× stoichiometry, ambient
pressure and 0% RH.

structural units and 5 mol% side pyridine (nitrogen in 3 position)
diol showed superior membrane integrity, after doping with H3PO4
85 wt% at 50 ◦C and 100 ◦C, respectively.

These copolymers were tested in a 25 cm2 single cell. Though
membrane integrity of the doped copolymer Ib is quite acceptable
even at doping levels as high as 500 wt% at room temperature, the
membrane was  significantly plasticized and disrupted at elevated
temperatures (>130 ◦C). In order to avoid the plasticization effect at
high temperatures, MEAs based on copolymer Ib with doping level
as low as 100 wt% were prepared. The thickness of the membrane
after doping with H3PO4 is 170 �m.  The Pt loading of the electrodes
was  0.7 mg  cm−2 and they were doped with 8 g H3PO4 per 1 g of Pt
in order to achieve good electrochemical interface with high aspect
ratio so that the electrochemical reaction rate is maximised. Similar
MEA  using the same electrodes was  also prepared using terpolymer
Va with doping level 190 wt% and thickness 80 �m.  Fig. 5 illustrates
the polarization curves of the fuel cells at several operating tem-
peratures ranging between 120 and 140 ◦C (Fig. 5a MEA  with Ib)
and 140–180 ◦C (Fig. 5b MEA  with Va), using dry gases of hydro-
gen and oxygen with anode and cathode inlet molar flow rates
180 cm3 min−1 and 113 cm3 min−1, for H2 and O2 respectively, at

ambient pressure. As expected the MEAs’ performance is improved
for both cells with increasing temperature.

The MEA  based on Ib copolymer is inferior to the terpolymer
Va MEA  both in terms of performance and its ability to operate
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Fig. 6. Nyquist plot for the copolymers: (a) 3-dPPy(50)coPES (Ib) as a
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t higher temperature. Its lower performance in comparison to
he performance of terpolymer Va at 140 ◦C is due to the thicker

embrane used (copolymer Ib). In addition the inability of the Ib
EA  to operate at temperatures above 140 ◦C is attributed to prob-

ems related to the membrane integrity due to severe plasticization
aused by the phosphoric acid at elevated temperatures. On the
ontrary the MEA  based on Va terpolymer performs in a very satis-
actory way even at 180 ◦C. Its current–voltage performance with

2 and O2 at ambient pressure and 180 ◦C (650 mA  cm−2 at 0.6 V)
r 160 ◦C (460 mA  cm−2 at 0.6 V) is depicted in Fig. 5b. The IV curve
f the MEA  based on Va terpolymer compares well with the perfor-
ance of state of the art MEAs based on PBI [30], at 160 ◦C under
2/air, which is among the highest in the open literature. Just for
omparison, the IV curves of the MEAs based on Va terpolymer at
80 ◦C under H2/air and PBI at 160 ◦C under H2/air give comparable
esults [30].

The MEAs’ ionic and polarization resistances were measured by
eans of AC impedance. The spectra recorded for both Ib and Va
EAs are depicted as Nyquist plots on a complex plane in Fig. 6

t different temperatures during fuel cell operation at 0.5 V and
.65 V, respectively. The AC spectra under polarization conditions
ere recorded within the range of 50 kHz to 10 mHz  in order to

et reliable values of the ionic resistance and conductivity under
perating conditions.

It is well known from the literature that the conductivity of the
3PO4 imbibed polymer electrolytes depends on the partial pres-

ure of water [28], which under fuel cell operating conditions is
roduced at the cathode [51,52]. The effect of the partial pressure
f water on the proton conductivity of the membrane is significant
p to 5 kPa. Thereafter according to reference [52] the conductivity
f the membrane does not vary significantly. Therefore a negligible
ariation is expected at varying current densities obtained at cell
oltage of 0.5 V. The high frequency intersection with the real axis
orresponds directly to the ionic resistance of the MEA. Note that
he contact resistances of the MEA  and the current collectors were
egligible compared to the ionic resistance of the MEA. The distance
etween the high and low frequency intersection with the real axis
orresponds to the polarization resistance of the electrochemical
nterfaces at the anode and cathode. In general the Nyquist plots of
ig. 6 can be simulated by two semicycles which rather correspond
o the anodic (high frequencies arc) and cathodic (low frequen-
ies arc) electrocatalytic processes (Table 2) [54]. The anodic H2
xidation reaction being faster than the cathodic O2 reduction reac-
ion appears at higher frequencies and with lower polarization
esistance. As shown in Table 2 the two arcs were simulated with
onstant phase elements. The equivalent circuit is shown in the
nset of Fig. 6.

Both ionic and polarization resistances decrease with increas-
ng temperature. As already mentioned the ionic resistance of the
b copolymer is higher than that of terpolymer Va due to the twice

s thick membrane. However as shown in Fig. 7a the ionic con-
uctivity values, in the range of 0.03–0.08 S cm−1, derived from
he spectra of Fig. 6 are similar for both MEAs with similar activa-
ion energies 17.9 kJ mol−1 and 20.1 kJ mol−1, respectively. These

able 2
he ionic resistance of the electrolyte Rel and the polarization resistances R1 and R2 based

T (◦C) Rel (�)  Rp,A (�) Y0,A (S s0.5 cm−2) nA

MEA  Ib

120 0.017 0.012 0.68 0.7 

130  0.014 0.010 0.433 0.76 

140  0.013 0.007 0.39 0.78 

MEA  Va

140 0.006 0.002 2.87 0.7 

160 0.005 0.001 2.15 0.76 

180  0.005 0.001 1.7 0.86 
function of temperature at 120 ◦C (�), 130 ◦C (�), 140 ◦C (�) and (b) 3-
dPPy(5)coPPy(57)coT(38)S (Va) at 140 ◦C (�), 160 ◦C (�), 180 ◦C (�). FH2: 1 l min−1,
ambient pressure and 0% RH. FO2: 1 l min−1, ambient pressure and 0% RH.

are typical values for H3PO4 imbibed membranes [52]. It is worth
noticing that copolymer Ib though at lower doping level (100 wt%)
exhibits similar proton conductivities at the same temperatures to
the corresponding proton conductivities of terpolymer Va being
at higher doping level (190 wt%). This observation consolidates
the conclusion that the polymer matrix plays significant role in
proton conductivity of the H3PO4 imbibed membranes [51,52].
This, in combination to the proven interaction of steam with the
H3PO4/polymer matrix, are considered as the main factors that
determine the proton conductivity through the phosphoric acid
imbibed polymer electrolytes. As has been recently reported, the

hydration enthalpy of the phosphoric acid imbibed polymers varies
upon varying the polymer matrix [52]. According to the afore-
mentioned results, the hydration enthalpy of the H3PO4/polymer
matrix is by a factor of two  higher than the hydration enthalpy

 on the fitting of the Niquist plots of Fig. 6.

Rp,C (�) Y0,C (S s0.5 cm−2) nC ωmax (Hz)

Anode Cathode

0.017 1.15 0.936 142 12
0.013 1.33 0.93 142 12
0.011 1.31 0.93 359 16

0.005 2.24 0.936 489 22
0.004 2.16 0.9 906 41
0.003 2.09 0.84 1233 56
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Fig. 7. (a) Effect of temperature on MEAs conductivity under fuel cell operating
conditions for the copolymer 3-dPPy(50)coPES (Ib) at cell voltage 0.5 V (�) and 3-
dPPy(5)coPPy(57)coT(38)S (Va) at cell voltage 0.65 V (�), respectively. The data were
derived from the AC impedance spectra of Fig. 6. (b) Long term stability test of the
MEA  prepared with terpolymer V at cell current density 0.2 A cm−2 using H and air
d
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ry gases and stoichiometries 1.2 and 2 respectively. Operating temperature 180 ◦C.

f pure H3PO4. This interaction has been considered as of vital
mportance for the efficient facilitation of the Grotthus proton con-
uction mechanism taking into consideration that water molecules
an play the role of proton carrier. Thus according to the Grotthus
roton conduction mechanism protons are hopping either between
ligned hydronium and water molecules or between water and
3PO4.

The performance of the MEA  based on terpolymer Va is very
mpressive. By tuning its chemical structure, it was  possible to
repare H3PO4 imbibed membranes with very good membrane

ntegrity and high doping level showing good ionic conductivities
0.08 S cm−1 at 180 ◦C) under fuel cell operation. This was  accom-
lished by controlling the content of the side pyridine diol so as to
une the doping level of the membrane in H3PO4 and the content of
,3′,5,5′-tetramethyl-[1,1′-biphenyl]-4,4′-diol which provided the
ood mechanical integrity. It must be noted that the aforemen-
ioned high proton conductivity and fuel cell performance has been
chieved with the lowest doping level known in the open literature.

The stable performance of the MEA  based on terpolymer Va
s depicted in the long term stability test in Fig. 7b, which was
onducted at 0.2 A cm−2 and 180 ◦C for ca. 1000 h. The MEA impres-

−1
ively shows very small degradation 5 �V h , thus being rendered
s highly promising state of the art MEA  for real high temperature
EM fuel cell applications.

[
[

ources 196 (2011) 9382– 9390 9389

4.  Conclusions

The main scope of this work was the detailed characterization
of new polymeric electrolytes bearing side chain and main chain
pyridine units and their evaluation as potential membranes for use
in medium and high temperature PEM fuel cells. The rigid aromatic
character of these polymeric backbones results in good mechanical
properties and excellent thermal and oxidative stability, while the
introduction of the pyridine moieties provided more active sites for
bonding of the phosphoric acid molecules demonstrating very high
and controllable acid uptake of the polymers. The doping ability of
these copolymers can be adjusted and the maximum obtained val-
ues are comparable with those of PBI even at room temperature
showing the strong interaction tendency. The conductivity values
of the polymers are well above the 10−2 S cm−1 even for low dop-
ing levels. Through the study of the various chemical structures
in combination with membranes properties, an optimized chem-
ical structure based on the terpolymer (Va) has been successfully
developed which posses all the specifications for an effective high
temperature polymer electrolyte, providing finally technically use-
ful membranes. Preliminary fuel cell tests at temperatures up to
180 ◦C using dry gases and low Pt loading at the electrodes were
made. The performance and stability of the terpolymer Va MEA  is
very impressive, despite the relatively low phosphoric acid doping
level and can be considered among the state of the art materials
and MEAs for high temperature PEM fuel cell applications.
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