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Introduction

Among polymer fuel cells (FC), there is a class of devices
where phosphoric acid is used as electrolyte. The retention
of acid in a polymer matrix is provided by binding a part of
its molecules with basic groups of the polymer. Operating
temperature for such medium-temperature FC can attain
150 °C due to high thermal stability and relatively high proton
conductivity at low humidity [1]. Increased operating temper-
ature of such FC provides many advantages as compared with
low-temperature FC with solid polymer membranes, among
which increased tolerance of catalytic materials to CO poison-
ing is one of the most important parameters. Moreover, high

temperature facilitates the organization of water management
in the fuel cell: the water does not condense in the liquid
phase, and there is no danger of flooding of electrode pores
during operation. Thus, CO-enriched hydrogen produced by
the reforming of natural gas, other hydrocarbon feedstocks,
and alcohols can be used for their work [2, 3].

Nowadays, the most developed polymer electrolyte mem-
branes for medium temperature FC are based on various con-
densation polymers, composite materials, polymers with
nitrogen-containing heterocycles, and complexes of polymers
with acids [4]. For medium- and high-temperature FC, the
most studied proton conductive membranes are those based
on polybenzimidazole (PBI) and its derivatives doped by
phosphoric acid [5, 6]. Such membranes show high thermal
stability and proton conductivity in the absence of water.
However, the major drawback of these materials is associated
with acid leaching [7]. Condensation of water vapor formed
by the FC operation, for example, by stopping and cooling the
battery, leads to phosphoric acid leaching from the electrolyte
and its degradation, and penetration of acid on the structural
elements leads to corrosion of the latter [8–10]. Thus, the
search for new polymer materials that can safely hold the acid
anion is one of the important tasks of developing medium-
temperature FC.

This work reports on the analysis of physicochemical prop-
erties including proton conductivity of a new class of compos-
ite proton exchange membranes based on N-phenyl-
substituted polyhexamethylene guanidine (PHMG) and
poly-m-phenylene isophthalamide (phenylone) doped with
phosphoric acid (PHMGP-PA) at different temperatures and
environmental humidity. The presence of a strong ionic bond
between protonated PHMGP and phosphoric acid anions
allowed one to expect that the composite material is capable
to retain phosphoric acid even in conditions of high humidity
and temperature.
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Materials and methods

Materials and synthesis

Hexamethylenediamine was purified by distillation at 205 °C.
N,N′-diphenyl guanidine was purified by recrystallization
from ethanol. PHMG with the coefficient of viscosity
η = 20 cm3/g was synthesized by melt polycondensation of
N,N′-diphenylguanidine and hexamethylenediamine [11] (see
Scheme in Fig. 1):

Phenylone [−HNC6H4NHOCC6H4CO–]n was purchased
from Vladimir chemical factory (Russia) with MV = 30 kDa.
The use of phenylone as a second component of the polymer-
polymer composite provides satisfactory physical and me-
chanical characteristics of film materials. Phenylone content
in the PHMGP sample was 50 wt%. Films were formed from
10% solution in DMF by casting on a glass substrate followed
by removing the solvent. The doping of the films was carried
out by 60 % orthophosphoric acid for 5 days at room temper-
ature followed by removing the acid from the surface and
drying. The average thickness of the membranes was 55 μm.

Thermal stability

Thermal stability of the samples was determined by simulta-
neously by thermal analysis (STA) and mass spectrometric
analysis of the decomposition products using a Netzsch STA
409 PC Luxx® instrument. The thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) curves
were recorded in the 25 ÷ 1000 °C temperature range under
N2/O2 atmosphere at a heating rate of 5 °C/min.

IR spectroscopy

The prepared samples were analyzed using IR absorption
spectroscopy, IR ATR spectroscopy (a Bruker Vertex 70/
70 V vacuum FTIR spectrometer with diamond ATR and
RAMIImodule (λB = 1064 nm), Bruker), and the scan number
was 36.

Proton conductivity

Before conductivity measurements the samples were kept in
the environment of fixed humidity (not less than 2 days) at
room temperature until the immutability of resistance.
Saturated salt solutions were used to generate necessary pres-
sure of water vapor. Proton conductivity AC measurements
were made in two- and four-electrode cells.

In measurements using a two-electrode cell, membrane
sample of 5 mm diameter was clamped between two carbon
foil electrodes with pressure of about 40 kg/cm2 (Fig. 2a). This
arrangement of electrodes allows conductivity measurements
to be performed in the direction perpendicular to the plane of
the membrane. For obtaining relaxation impedance spectra Z-
3000, an impedance meter (Elins, Russia) was used in the
1 Hz–3 MHz frequency range with measuring signal ampli-
tude of 100 mV. The analysis of the frequency dependence of
impedance was performed by fitting the spectra according to
the equivalent circuit.

Conductivity measurements along the membrane surface
were made in four-electrode cells with blocking electrodes
of two types: platinum needles and gilded plates. In the first
case, the measurements was carried out in a cell with elec-
trodes (platinum needles), piercing the film at the corners of a
square of 10 × 10 mm (Van der Pauw method, Fig. 2b), alter-
nating current at 500 Hz frequency, the amplitude voltage of
6 mV, with monitoring only active component of resistance.
The measurements were made using a V7–34 voltmeter
(Belvar, Belarus, common mode rejection ratio of the compo-
nents of more than 80 dB). The main advantage of such ar-
rangement of electrodes is almost complete suppression of the
common mode of the measured voltage that allows one to
measure resistance in the direction along the membrane sur-
face and to minimize any electrode effects.

In the second case, the sample was placed on the plate with
four serial 1.3-mm-wide gilded electrodes, overlapping the
entire width of the sample 5 × 33 mm (Fig. 2c) and pressed
on the backside by a force of 300 N (pressure ~ 7.5 MPa) in
the frequency range 1–200 kHz. The analysis of the frequency
dependence of impedance measuring along the membrane
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Fig. 1 Synthetic routes to
PhPGMA via polycondensation
method and its doping by
phosphoric acid
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surface without the influence of the electrodes can provide
information on both surface and bulk conductivity of the
membrane separately.

Results and discussion

Thermal stability

When doping the film by phosphoric acid, the guanidinium
groups of PHMGF have been protonated and polymer trans-
mits to a polycationic form. This form strongly increases hy-
drophilicity and stabilizes the guanidinium group, whereby
PHMGP resistance to hydrolysis, oxidative and thermal oxi-
dative degradation is markedly increased.

The TGA data of the PHMGP and PHMG-PA60% mem-
branes are shown in Fig. 3. Up to 150 °C, when no polymer
destruction is observed, a single-stage dehydration process
takes place, although for the doped sample, loosely water loss
begins at 40 °C due to high hygroscopicity of phosphoric acid.
As for the doped one and for the undoped samples, there is
mass loss (8–9 %) up to 210 °C. Obviously, this mass loss
corresponds to the removal of water adsorbed in the mem-
brane. Further heating above 400 °C results in thermal degra-
dation and combustion of the polymer (inset in Fig. 3).
Complete thermal degradation of the doped sample occurs
later only at temperature above 600 °C, and there is no 20 %

weight loss at 450–500 °C observed on the TG curve for the
undoped sample. According to the data of mass spectroscopic
analysis for gas phase, the gaseous decomposition products
are H2O, CO, CH2CHO, CH3CHNH3, and NH3CO.

IR spectroscopy

Substantial changes in the IR spectrum are observed for the
membrane doped with phosphoric acid (Fig. 4). In particular, a
very broad and intense absorption pick observed at 2000–
3700 cm-1 is characteristic of a strong hydrogen bond. In
general, the spectrum is similar to the IR spectrum of the
solution of phosphoric acid with characteristic absorption
bands of phosphoric acid anions. Two bands with the maxima
at 2336 cm-1 and 2830 cm−1 were found in the range of
stretching vibrations of the OH group of the H2PO4

− anion.
Their origin can be due to the Fermi resonance ν(OH)↔2δ(OH)
[12–14].

Proton conductivity

Proton conductivity of polymer membranes can be provided
by various mechanisms of proton transport in polymers. In the
low-temperature polymers such as Nafion®, the transport of
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Fig. 2 Scheme of the electrodes
arrangement in the measuring
cells: in the two-electrode cell (a),
the Van der Pauwmethod (b), and
the serial plates (c)
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protons in membrane occurs by the Grotthuss mechanism,
wherein there is proton transfer between the water molecules
bound by acidic groups of the polymer [15, 16]. Oxonium ion
transport through water in the pores of the polymer is also
possible. Medium-temperature membranes such as PBI con-
duct due to proton transport between the phosphoric acid mol-
ecules, which can hold down the minimum amount of water
molecules even at high temperatures [17], i.e., the Grotthuss
mechanism is realized. There is a fundamental difference be-
tween these mechanisms. In Nafion®, the –SO3

− acid groups
are a part of the polymer molecules, and thus, conductivity
exists in pores and channels penetrating the bulk of the mem-
brane. Phosphoric acid and water are labile in PBI and can be
concentrated on the membrane surface not filling the pores in
the bulk.

Obviously, an intermediate mechanism is realized in the
studied membranes. Phosphoric acid is not included in the
polymer composition but is strongly associated with it due
to acid-base interaction (Fig. 1). However, less than 100 %
of acid is present in the polymer as H2PO4

− anions. For ex-
ample, at the maximal doping level (68%), the mass of dopant
(we assume that 60 % solution of H3PO4 used for doping
penetrates the membrane) is 2.125 g per 1 g of polymer.
Considering that concentration of guanidine groups in the
polymer is 2.304*10−3 mol/g, the amount of acid as bound
H2PO4

− anions is 0.2258 g or 17.7 % of the total amount of
acid. Therefore, free H3PO4 is also present in the membrane.

Consequently, two proton transport options can be realized,
namely, by liquid water, in which phosphoric acid delivers
protons (in the form of oxonium ions H3O

+) or directly by
linking with the polymer phosphoric acid by the Grotthuss
mechanism.

To prove the proposed versions, proton conductivity mea-
surements in two- and four-electrode cells were carried out.
The characteristic impedance spectra of the PHMGP-PA68%
membrane in the two-electrode cell are shown in Fig. 5. At
low humidity, there is an additional resistive element R1 in the
equivalent circuit, maybe by irregularity of dopant distribu-
tion. We accepted the sum of resistors R1 and R2 as measured
resistance.

The analysis of the frequency dependence of impedance
was performed by fitting the parameters of the equivalent
circuit shown in inset in Fig. 5, where Rm = R1 + R2—resis-
tance of the membrane, CPE1—geometrical capacitance of
the cell with the membrane is ~300 pF, C2—double layer
capacitance on the electrode surfaces, W1—limited Warburg
element describing diffusion relaxation of the double layer.
This circuit is typical for adsorption relaxation impedance of
blocking electrodes in the presence of two types of carriers
[18]. The resulting resistance value is close to the value cor-
responding to the cut-off on the real axis obtained by extrap-
olating the circle arc and corresponds to a transverse bulk
component of the total membrane resistance.

The temperature dependence of transverse proton conduc-
tivity of the PHMGP-PA68% membrane has a complicated
character (Fig. 6).

The temperature dependence of proton conductivity is ob-
viously divided into three specific regions: A, B, and C.

Region A (from 20 to 60–70 °C) is close to the exponential
growth of conductivity with temperature. It is area of low
temperatures, and at high humidity this area, is expanded to
higher temperatures. In this area, the temperature dependence
of proton conductivity has Arrhenius character and increases
with increasing humidity. Conductivity attains 6 mS/cm at
70–80 °C.

In region B (60–90 °C), a drop of conductivity is observed
with increasing temperature (to 0.2–1.0 mS/cm at 90 °C).

In region C (over 90 °C), regrowth of proton conductivity
by related acid (containing remaining strongly bound water
molecules) was observed. It may be noted that there is a
slowing of the loss of water at TGA in this temperature range.
The value of ionic conductivity of 10−3 S/cm at 150 °C

Fig. 5 Impedance spectra of the PHMGP-PA68%membrane in the two-
electrode cell (room temperature). Lines indicate extrapolation curves
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provides the opportunity to use these membranes in the
medium-temperature FC.

Reproducibility of the data upon cooling down from high
temperature was verified for humidity RH = 32 %, and for
RH = 10% above 90 °C. Maximal heating at high humidity is
accompanied by partial loss of water, so extra humidification
is required after cooling.

The dependence of bulk conductivity on humidity at low
temperatures is normal (Fig. 7): conductivity increases with
increasing ambient humidity.

To measure longitudinal conductivity of the mem-
branes, we used the Van der Pauw method. The advantage
of this method consists in excluding the effect of elec-
trodes on measurement data. The dependence of conduc-
tivity on content of phosphoric acid is complicated
(Fig. 8b). At low concentration, the dependence corre-
sponds to the percolation mechanism with the percolation
threshold at xc = 26 wt% of H3PO4 [19] (Fig. 8а). In
terms of the percolation theory, the doped areas are iso-
lated from each other with lower content of phosphoric
acid and do not form continuous routes for electric current
running. There is no conductivity at content of phosphoric
acid lower than 26 wt%. One can expect that the depen-
dence should have the percolation character at increasing
concentration of phosphoric acid, i.e., increase with con-
tent of phosphoric acid in accordance with the power

function σ ¼ σ0
x−xc
xc

�
�
�

�
�
�

t
, where x is volume fraction of

doped areas of the membrane and critical index t = 2 (ca-
nonical index for three-dimensional medium). Though
there are difficulties in determining a bulk distribution
of dopant in the membrane, one can assume that volume
fraction of doped areas of the membrane is proportional to
concentration of H3PO4. It is seen in Fig. 8b that provided
this assumption, a square-law growth of conductivity is
really observed up to ~40 % concentration (blue curve)

in accordance with the formula σ ¼ σ0
w−wc
wc

�
�
�

�
�
�

t
, where w is

mass concentration of phosphoric acid. However, the
character of the dependence of conductivity on concentra-
tion of phosphoric acid changes at high concentrations. It
is difficult to determine critical index precisely here, but it
is described well by the red curve built for critical index
t = 1.3, specific for surface conductivity. Seemingly, lon-
gitudinal conductivity over membrane surface plays an
important role at such concentrations. No similar effects
are observed in the measurements of transverse conduc-
tivity. The Bcrossover^ effect of percolation type was also
observed for thin surface layers in thin layers, for exam-
ple, in [20]. Based on the assumption that surface conduc-
tivity is measured at high concentration of dopant when
the Van der Pauw method is used, the values of surface
conductivity were calculated from the same experimental
data for concentration higher than 40 % (σ = 0.017 mS/m
for concentration of 44 % and σ = 0.027 mS/m for con-
centration of 45 %).

In this regard, surface conductivity was measured for the
membrane in a four-electrode cell with planar serial electrodes
in the 1–10 kHz AC frequency range.
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The impedance plot for the PHMGP-PA68% polymer film
with four serial electrodes in the complex coordinates is
shown in Fig. 9.

This spectrum is described well by a simple equivalent
c i r cu i t o f the R 1–R 2 | |C1 type ( inse t in F ig . 9 ,
R1 = 440 kOhm, R2 = 6.6 kOhm). The capacitance value C
parallel to resistance of the membrane at direct current (i.e.,
extrapolated to zero frequency) is 630 ± 0.9 pF. This value of
capacitance is much higher for geometric capacitance of a
planar cell and much lower for a possible electrode double
layer capacitance. However, this capacitance corresponds to
the order of magnitude of the expected capacitance between
the membrane surfaces. Therefore, we assume that conductiv-
ity of the membrane consists of two components—surface
conductivity provided by the doping acid concentration on
the membrane surface, and conductivity by the membrane
volume. With that, two-electrode method measurements in a
perpendicular direction of the membrane give a value of only
bulk conductivity, and the results of measurements with a
planar arrangement of electrodes contain a contribution of
both bulk and high surface conductivity. Due to the imped-
ance spectra analysis of the four-electrode data, we succeeded
in separating these components. The surface conductivity
magnitudes measured by the Van der Pauw method and by
planar arrangement of electrodes gave similar values.
However, the absolute values of conductivity are much higher
(by three orders of magnitude) than those measured in the
perpendicular direction of the surface. Thus, surface conduc-
tivity makes a major contribution in all four-electrode mea-
surements (current direction along the membrane surface).

It is important to note that surface conductivity decreases
with increasing ambient humidity at room temperature
(Fig. 10). Obviously, this is due to the fact that in the presence
of uncontrolled water sorption and desorption processes, acid-
base equilibrium is established between H2PO4

− and H2O and
the state of associated the OH groups with the neutral acid in

the membrane. Excess water on the membrane surface leads to
the reduction in the acid dissociation degree (reducing the
concentration of mobile protons). At 100 % RH, the liquid
(unbound) water may be formed on the film surface, which
is manifested in some increase of surface conductivity.

Thus, proton conductivity of the PHMGP-PA membrane
with a content of 68 % phosphoric acid was measured by all
three methods at 75 % RH and room temperature both along
and across the membrane. The value of the transverse bulk
component of conductivity under these conditions was
0.78 mS/cm, while the longitudinal along the surface was
0.02 mS.

The activation energy of conductivity was calculated from
the slope of the temperature dependence of conductivity in
Arrhenius coordinates (Fig. 11). At RH = 10 % and, conse-
quently, at low humidity, the conductivity activation energy is
0.5 eV, and with increasing ambient humidity, its value de-
creases to 0.27 ± 0.02 eVand remains unchanged upon further
humidification. In high-temperature region C, the activation
energy is equal to the activation energy of low-temperature
conductivity (Ea = 0.27 ± 0.02 eV) (Fig. 11).
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The proximity of the activation energy values says in favor
of the same mechanism of proton transport across the mem-
brane and in the solution (the conductivity activation energy
of phosphoric acid aqueous solutions is 0.16 eV), which is
also confirmed by the presence of a developed hydrogen
bonding system according to the IR spectroscopy data.

It should be noted that despite the proximity of the activa-
tion energies, the values of membrane resistances measured
along and across the membranes are dramatically different.
Such strong anisotropy can be related to high surface conduc-
tivity of the membrane.

The high values of surface conductivity at increased tem-
peratures, as well as the proximity of the proton conductivity
activation energy (it increases slightly to match the bulk
values), says in favor of the existence of surface phosphoric
acid on the membrane surface holding substantial amounts of
water on the surface even at high temperatures.

The invariability of the activation energy with changing
humidity and its similar values at high (above 100 °C) and
low temperatures suggests that in the bulk of membrane and
on its surface proton transport occurs by the same mechanism,
regardless of conditions. Since at high temperatures, all loose-
ly bound water is removed from the membrane and ion
oxonium transport is unlikely, it can be assumed that all mea-
sured conductivity is governed by the Grotthuss mechanism.

Conclusion

A method for the synthesis of new heat-resistant proton ex-
change membranes based on phenylone and PHMG doped by
phosphoric acid operating at increased temperatures and rather
firmly holding the phosphoric acid in the structure was
proposed.

The existence of two types of conductivity was shown,
namely, bulk proton conductivity, which attains 0.78 mS/cm
at room temperature and 75 % RH, and surface conductivity
along the membrane surface. A similar type of conductivity
mechanism on the surface and in the bulk of the membrane
was proposed.

The possibility of separation of bulk and surface conduc-
tivity of the membrane was demonstrated by impedance
spectroscopy.

It was shown that the dependence of conductivity on phos-
phoric acid doping degree of the membrane corresponds to the
percolation mechanism of formation of conducting clusters
with the percolation threshold at ~25 wt%. It was found that
at low temperatures (< 80 °C), the dependence of conductivity
on humidity is typical for low-temperature proton exchange
membranes, the activation energy decreases and conductivity
increases with the hydration degree of the membranes.

Above 90 °C when usual proton exchange materials move
in the non-conductive form due to water loss, effective proton

transfer with conductivity of about 10−3 S/cm and the activa-
tion energy of 0.27 ± 0.09 eV is observed.
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