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Abstract—Hybrid membranes based on polybenzimidazole PBI-O-PhT with incorporated particles of silicon
dioxide functionalized with phosphonic groups have been synthesized. The membranes have been prepared
in situ by casting a polymer solution with a precursor for particle synthesis. The precursor was a mixture of
tetraethoxysilane and (2-diethylphosphatoethyl)triethoxysilane. The mass concentration of the dopant was
5 or 10 wt %, and the mole fraction of functional groups on the oxide surface was varied in the range of 0—
100 mol % by changing the composition of the precursor mixture. The resulting membranes have been char-
acterized using transmission and scanning electron microscopy, IR spectroscopy, and impedance spectros-
copy. Grafting of functional —PO3;H, groups onto the silica surface leads to a significant increase in the
uptake of phosphoric acid by hybrid membranes, the content of which determines the functional properties
of these materials. An increase in the number of —PO3;H, groups leads to both an increase in the degree of
acid doping and ionic conductivity. The conductivity of the best samples obtained reaches 0.081 S/cm at
160°C. The introduction of acid groups on the dopant surface is a promising approach from the point of view

of reducing the amount of phosphoric acid required to maintain a high proton transport rate.
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INTRODUCTION

The incorporation of nanosized inorganic particles
into ion-exchange polymer membranes to improve
their properties and expand the possibilities of their
application in high-temperature fuel cells (FCs) is the
direction of research in many publications [1—3].
Hybrid nanomaterials in many cases demonstrate a
significant improvement in a number of important
properties in comparison with an undoped polymer
because of the presence of nanoparticles in the mem-
brane matrix [4]. Among various types of nanosized
inorganic dopants, which include heteropoly acids,
carbon nanotubes, zeolites, fullerenes, graphene,
inorganic salts and oxides, and many others, silica
nanoparticles attract considerable attention due to
their high surface area, large pore volume, high
mechanical and thermal stability, and ease of surface
functionalization [5—13].

The distribution of dopant particles in the polymer
matrix makes a significant contribution to the proper-
ties of composite materials [ 14]. Nanosized silica has a
strong tendency toward aggregation, and the homoge-
neous distribution of nanoparticles in the polymer
matrix is a key problem in the creation of hybrid mem-

branes [5]. In this context, the in situ method, in
which the formation of uniformly distributed inor-
ganic nanoparticles isolated from each other occurs
directly in the polymer, is one of the most attractive
methods [15].

Surface modification of silica particles with
organic groups leads to a change in the interaction
between the dopant particles and the polymer matrix.
It is very attractive to use dopants with an acidic sur-
face, which make it possible to increase the concentra-
tion of carriers, water content, and membrane con-
ductivity [16—18]. To enhance the acidic functions of
silica, in some cases, it is sulfonated or grafted with
phosphonic acid (—PO;H,) groups. The introduction
of acid groups on the oxide surface not only can
increase the conductivity of the hybrid material as a
whole lead, but also can decrease gas permeability and
improve the mechanical and thermal stability of com-
posite membranes [19—26]. It is noted that the graft-
ing of —PO;H, groups is especially important for
membranes used under high-temperature and low-
humidity conditions [27, 28]. The use of such dopants
seems to be especially expedient in the case of poly-
mers based on polybenzimidazoles (PBIs) that are
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Fig. 1. Schemes of the structure of polybenzimidazole
PBI-O-PhT and modified silicon oxide.

doped with phosphoric acid to impart conductivity.
However, their conductive properties deteriorate
during FC operation because of acid leaching from the
polymer in a high-humidity environment. Therefore,
it seems interesting to introduce into the membrane
—PO;H, groups fixed on inorganic supports, for
example, on silica [29—33]. We have previously inves-
tigated hybrid membranes based on the cardo polymer
polybenzimidazole made of 3,3',4,4'-tetraaminodi-
phenyl oxide and 3,3-bis(p-carboxyphenyl)phthalide
(PBI-O-PhT), which has high thermal stability, excel-
lent mechanical properties, and chemical and oxida-
tive stability. Silica, zirconia, and silica with grafted
sulfo and imidazole functional groups were used as
dopants [15, 34, 35].

In this study, we planned to investigate hybrid
membranes based on PBI-O-PhT and silica with
grafted propylphosphonic groups (Fig. 1). It was of
interest to examine the effect of —PO;H, groups
grafted onto the oxide surface on acid uptake and
transport properties of membranes. It was assumed
that the introduction of such groups will facilitate the
retention of phosphoric acid by the membranes and
increase their conductivity.

EXPERIMENTAL

The polymer PBI-O-PhT was synthesized accord-
ing to the procedure described in [36]. PBI-O-PhT
was modified by the in situ method; i.e., by casting a
solution containing a precursor for the synthesis of sil-
ica with a surface modified with ethylphosphonic
groups. For this purpose, a mixture of tetraethoxysi-
lane (TEOS, Aldrich, 98%) and (2-diethylphospha-
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toethyl)triethoxysilane (TEOS-P, Gelest, 95%) was
added to a polymer solution in N-methylpyrrolidone
(4 g of polymer/100 mL of solvent), in which the
TEOS-P mole fraction was 0—100%, and the design
mass fraction of the dopant was 5 or 10%. Thereafter, the
mixture was homogenized by sonicating for 5 min and
then dried on a glass substrate at 50—60°C for 3 days.

To remove the residual solvent, the resulting films
were heated in a vacuum at 120°C. Next, the alkoxy
groups of silanes and the phosphonic ester group were
hydrolyzed in a 12% NH; solution (KhimMed, special
purity grade) at 25°C for 24 h. Thus, films with silica
formed directly in the polymer matrix were obtained.
Hereinafter, these samples are designated as PBI/SiP-
5-x and PBI/SiP-10-x, where 5 or 10 is the percentage
of the dopant in the membrane and x is the molar frac-
tion of TEOS-P in the precursor for dopant synthesis,
which determines the concentration of phosphonic
groups in the dopant.

To impart conducting properties, all the samples
were kept for 7 days at 25°C in 75% phosphoric acid
(KhimMed, analytical grade). After this procedure,
the mass of the membranes increased by a factor of
2.5—3. The resulting materials were dried in a vacuum
at 70°C for 4 h and stored in a desiccator over P,Os.

Research Methods

The infrared absorption spectra of the samples in
the form of thin films were recorded on a Nicolet iS5
Fourier-transform IR spectrometer in the range of
4000—400 cm ™.

The degree of doping of membranes with phos-
phoric acid (number of H;PO, molecules per repeat
unit of the polymer, n) was determined based on the
mass of absorbed acid according to the procedure
described in [37].

The morphology and elemental composition of the
membranes were studied by scanning electron micros-
copy using a Carl Zeiss NVision 40 scanning electron
microscope equipped with an Oxford X-Max X-ray
spectral detector. The microstructure of the samples
was studied using a Jeol JEM 2100 transmission elec-
tron microscope.

The dopant content in hybrid membranes was
determined by annealing the sample at 800°C until the
polymer was completely burned out and weighing the
dry residue of the oxide using a Netzsch TG 209 F1

thermal balance with an accuracy of 107° g.

To determine the ion-exchange capacity of the
oxide samples, weighed portions were kept for a week
in 40 mL of a 0.5 M aqueous calcium chloride solution
for the complete transfer of protons into solution, fol-
lowed by separation of the precipitate by centrifuga-
tion. A 10-mL aliquot was taken from the obtained
solutions and titrated with 0.01 M sodium hydroxide
solution in the presence of phenolphthalein. In this
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way, the ion-exchange capacity of the samples was
determined.

Elemental analysis of silica samples was performed
using a 4210 MP-AES atomic emission spectrometer.
The sample for analysis was prepared by dissolving a
weighed portion (about 30 mg) of silica in 1 mL of a
20% hydrofluoric acid solution, followed by multiple
dilutions.

Conductivity measurements were carried out using
a Z500 PRO impedance meter (Elins, Russia) with
graphite electrodes at a frequency of 1072 x 10° Hz in
a potentiostatic mode with a sinusoidal signal ampli-
tude of 80 mV. The conductivity was measured in the
temperature range from 25 to 160°C with a step of 10—
15°C. The value of ionic conductivity was calculated
by extrapolating the semicircles of the bulk conductiv-
ity component to the active resistance axis. In the cal-
culation, we used the conductivity formula given in
[38]. For all the membranes, the proportion of direct-
current electron conductivity did not exceed 0.01% of
total conductivity.

RESULTS AND DISCUSSION

To assess the amount of functional groups, silicas
with grafted moieties outside the membranes were
synthesized. In this case, we did not manage to obtain
a powdered sample with x = 100 mol %. The most
likely reason for the failure is a relatively low degree of
oxide polymerization in this case, since silicon dioxide
tends to form a three-dimensional framework, whose
formation is hindered by the presence of phosphonic
groups with the hydrocarbon moiety, which are to be
localized on the surface of the particles. The Si : P ratio
in the obtained samples turned out to be somewhat
lower than that calculated from the stoichiometry of
the precursor (Table 1). The reason for this is the
occurrence of hydrolysis processes with partial
detachment of functional groups. As the number of
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Table 1. Elemental analysis data for modified silicas

x, mol % | Si : P ratio according to elemental analysis data
25 0.19
50 0.37
75 0.51

—PO;H, groups increases, the ion-exchange capacity
naturally increases, reaching 4.7 mmol/g for the sam-
ple synthesized from a mixture with a TEOS-P mole
fraction of 75%. This value appeared to be about half
the calculated value. The decrease in the ion-exchange
capacity relative to the calculated value is associated
not only with incomplete hydrolysis of the ester deriv-
ative of the phosphonate group, but also with the
blocking of functional groups in the bulk of globules,
the volume of which was not limited by the membrane
matrix in this case. In addition, phosphonic groups are
a rather weak acid; therefore, their dissociation and
exchange with calcium cations is incomplete. At the
same time, the experiments performed confirm the
formation of nanoparticles with the phosphonated
surface during the hydrolysis of a mixture of TEOS
and TEOS-P.

Figure 2 shows transmission electron microscopy
(TEM) images of some membranes. These data con-
firm the formation in the membrane matrix of
nanoparticles of a 5—10 nm size uniformly distributed
in the membrane. The introduction of functional
groups on the silica surface leads to slight coarsening
of the resulting particles.

Energy dispersive analysis of the membrane sec-
tion confirms the uniform distribution of silicon and
phosphorus in the PBI/SiP hybrid membranes (Fig. 3),
whereas the membrane containing silica without func-
tional groups naturally lacks phosphorus.

Fig. 2. TEM images of PBI/SiP-5-x samples, where x = (a) 0, (b) 75, or (¢) 100 mol %.
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Fig. 3. Electron micrograph and silicon and phosphorus distribution maps in a cut of the PBI/SiP-10-100 membrane.

The dopant content (Table 2) in the membrane was
evaluated using thermogravimetry, which comprised
weighing the samples before and after annealing at
800°C and calculating the dopant content. The
obtained values turned out to be lower than the esti-
mated loading, the discrepancy being primarily due to
the difference between the dopant and the annealing
product in composition because of the burnout of the
grafted groups. Note that the dopant content increases
with an increase in the proportion of TEOS-P,
approaching the design value. It can be assumed that
functional —PO;H, groups interact with —INH groups
of PBI, immobilizing them in the matrix. Therefore,
silica is better retained in the membrane by the hydro-
lysis of ethoxy groups. The X-ray diffraction pattern of
the annealing products is an amorphous halo. The
XRD analysis of the elemental composition of some
powders obtained by annealing samples with different
concentrations of functional groups confirmed that
the Si : P ratio increases with an increase in the mole
fraction of the groups. For example, itis 1 : 0.54 for the
PBI/SiP-10-60 sample and 1 : 0.64 for PBI/SiP-10-100.
However, this ratio turns out to be somewhat lower
than that for particles obtained outside the membrane,
which is associated with the complicated removal of
hydrolysis products from the membrane. Thus, the
SEM data in combination with the XRD, TEM, and
TGA results confirm the incorporation of SiO, parti-

Table 2. Mass fraction of annealed product

Sample Amount of residue after annealing, wt %
PBI/SiP-5-10 1.5
PBI/SiP-5-30 2.8
PBI/SiP-5-60 4.4
PBI/SiP-5-100 4.6
PBI/SiP-10-10 2.9
IMBH/SiP-10-30 5.5
PBI/SiP-10-60 7.4
PBI/SiP-10-100 8.4
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cles with the phosphonated surface into PBI-O-PhT
membranes.

The hybrid membranes were additionally investi-
gated using IR spectroscopy (Fig. 4). The main spec-
tral changes associated with the introduction of the
dopant were observed in the range of 900—1167 cm ™.
An increase in absorbance at 1016 cm™! and the
appearance of a band at 1046 cm™' are due to asym-
metric stretching vibrations in the SiO, and PO; moi-
eties [39]. There is also an increase in absorbance at
960 and 925 cm™!, which is due to the contribution of
symmetric stretching vibrations in the SiO, and PO;
moieties. These data also indicate the presence in the
membrane of silica with grafted functional groups.

To convert the membranes into a conductive form,
the samples were doped with phosphoric acid. The
dependence of the amount of acid absorbed by the
membrane on the molar concentration of functional
groups in the oxide is shown in Fig. 5. The introduc-
tion of functional groups leads to an increase in the
uptake of the acid. For the membranes with a dopant
content of 10 wt %, its amount increases by ~10% with
an increase in the mole fraction of —PO;H, groups.
An increase in the concentration of —PO;H, groups in
the dopant facilitates the uptake of a larger amount of
acid due to the formation of a system of hydrogen
bonds with it.

The dependence of the conductivity of the hybrid
membranes on the amount of functional groups on the
oxide surface is shown in Fig. 6. The incorporation of
the unmodified oxide into the membrane leads to a
slight increase in conductivity. However, the grafting
of —PO;H, groups onto the silica surface significantly
changes the situation. Along with an increase in the
number of functional groups and, accordingly, in the
uptake of phosphoric acid, the conductivity of the mem-
branes also increases significantly, reaching 0.081 S/cm
at 160°C (Fig. 6), which is approximately 2.5 times the
conductivity of the reference sample. It can be noted
that the dependences of the conductivity and the
degree of doping on the molar concentration of groups
are similar in shape. This resemblance suggests that
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Fig. 4. Fragments of IR spectra of (/) PBI and (2) hybrid
membrane PBI/SiP-10-60.

the conductivity of these systems is primarily deter-
mined by the transport of protons through the system
of hydrogen bonds formed by phosphoric acid mole-
cules, the concentration of which in the membrane is
much higher. The acidic —PO;H, groups of the dop-
ant can also contribute to proton transport. At the
same time, at a high concentration of —PO;H, groups
on the silica surface (10 wt % silica, x > 60), the phos-
phoric acid content in the membrane becomes too
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Fig. 6. Dependence of membrane conductivity on the
mole fraction (x) of functional groups for (Z, 3) PBI/SiP-5-x
and (2, 4) PBI/SiP-10-x at (1, 2) 110°C and (3, 4) 160°C.
The data points marked with squares (0) refer to the con-
ductivity of the original PBI-O-PhT membrane at 110 and
160°C.
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Fig. 5. Dependence of the degree of doping with phos-
phoric acid (n H;PO,) on the mole fraction of functional
groups (x) in hybrid membranes; the mass concentration
of silica is indicated by numbers in the figure.

high and the membrane plasticizes at high tempera-
tures. Therefore, for hybrid membranes PBI/SiP-10-x
at such values of x, the dependence of conductivity on
the concentration of functional groups shows a sharp
increase at 110°C (Fig. 6, curve 2) associated with an
increase in mobility and “softening” of the entire
structure, leading to acceleration of proton transport.
At atemperature of 160°C, the PBI/SiP-10-100 mem-
brane loses its mechanical stability; therefore, its con-
ductivity at this temperature is not shown in the figure.
At the same time, membranes with PBI/SiP-5-x com-
position retain their stability over the entire x range.

CONCLUSIONS

The study of the hybrid membranes shows that the
grafting of functional —PO;H, groups onto the silica
surface leads to a significant increase in the uptake of
phosphoric acid, the concentration of which deter-
mines the functional properties of these materials. The
conductivity of the best samples reaches 0.081 S/cm at
160°C. At the same time, the polymer plasticizes at
high phosphoric acid content. However, due to the
contribution of the introduced functional groups to
the conductivity, it becomes possible to reduce the
amount of introduced acid without a significant loss of
conductive properties, which will also contribute to
the preservation of mechanical characteristics.
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