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Abstract

Using impedance spectroscopy (IS), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and infrared spectroscopy (IR) tech-
niques to study the polymer electrolyte membranes based on poly(vinyl
alcohol) (PVA) and hypophosphorous acid (H3PO2) with different tita-
nium oxide nanoparticles (TiO2) concentrations. The polymer systems
(1—z)(HsPO2/ PVA) + zTiO2 were prepared using the sol-casting method
and different weight percent of TiOsz, x < 10.07Z. The DSC results show
that the glass transition for molar fraction P/OH = 0.3 appears around
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Improvement of proton-exchange membranes based on (1 — x)(HsPO2/PVA)-2TiO-

75°C and for the samples doped with TiO2 around 35°C; the melting point
for all membranes appear around 175°C. The FTIR spectra show changes
in the profiles of the absorption bands with the addition of H3POs and
the different concentrations of TiOs. The IS results show dielectric and
conductivity relaxations as well as a change in DC ionic conductivity with
the TiO2 content. The order of the ionic conductivity is about 1072 S/cm
for 5.07 of TiO2. The TGA in the heating run shows water loss that is in
agreement with DC conductivity measurements.

Key words: Composite polymer membranes; PVA; Hypophosphorous
acid; Proton conduction, DC conductivity.

Mejoras en membranas de intercambio proténico
(1 —2)(H3PO2/PVA)-2TiO,

Resumen

Usando las técnicas de espectroscopia de impedancia (IS), calorimetria de
barrido diferencial (DSC), analisis termogravimetrico (TGA) y espectros-
copia infrarroja (FTIR) se estudi6 el sistema polimérico (1 — z)(H3PO2/
PVA) + zTiO2 el cual fue preparado usando el método de sol-casting a
diferentes porcentaje de peso de nanoparticulas de TiO2, x < 10.0/. Los
resultados de DSC muestran que la transiciéon vitrea para la fraccién molar
de P/OH = 0.3 emerge alrededor de 75°C y para las muestras dopadas con
TiO2 alrededor de 35°C; el punto de fusion para todas las membranas apa-
rece alrededor de los 175°C. Los espectros de FTIR muestran cambios en
los perfiles de las bandas de absorcién con la adiccion del H3PO» y las dife-
rentes concentraciones de TiO2. Los resultados de IS muestran relajaciones
dieléctricas y de conductividad al igual que un cambio en la conductividad
ibnica DC con el contenido de TiO3. La conductividad iénica es del orden
de 1072 S/cm para 5.0/ de TiO2. Los TGA en los barridos de calentamien-
to muestran pérdida de agua lo cual estd de acuerdo con las medidas de
conductividad DC.

Palabras clave: Membranes poliméricas compositos; PVA; conduccion
protoénica.

1 introduction

The Proton Exchange Membranes (PEMs) are the most promising for Fuel
Cells (FC) technologies to generate clean energy [1],[2],[3],[4]. Perfluo-
ronated Nafion® is the most used membrane for FC applications [5],[6],
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due to excellent chemical stability and a marked effect on the proton con-
ductivity. A more economical alternative for preparing PEM was pro-
posed in 1989 [7] which is a combination of poly(vinyl alcohol) (PVA) and
hipophosphorous acid. This new combination allowed the production of
non-perfluoronated membranes of low cost and good procesability, encour-
aging manufacturing different types of PEMs, which have been synthetized
using mixtures of polymers with various salts and acids [§]. Other groups
have investigated various combinations using PVA as polymeric matrix
[8],[9],]L0],|11],[I2]. On the other hand, composites have been synthetized
based on polymeric membranes combined with micro or nanoparticles for
the purpose of controlling the physical and chemical properties, being in
some cases that this approach has improved proton conductivity and me-
chanical properties for some dispersant concentrations [I3],[14],[15],[16]. In
this work the polymer membrane (H3PO2/PVA) with constant molar ratio
P/OH = 0.3, doped with TiOy nanoparticles have been synthetized and
studied its effect on the thermal and electrical properties.

2 Experimental methods

The precursors materials were hypophosphorous acid (H3PO3), PVA, and
titanium oxide (TiO2) with particle size smaller than 50 nm (Sigma Aldrich
Chemicals). PVA was poured in distilled water at 90°C using a magnetic
stirrer plate to completely dissolve the polymer. After turning off the
stirrer, constant amounts of acid were added to the solution, according to
the molar ratio P/OH = 0.3. Then, constant amounts of TiO2 nanoparticles
were added to the solution, maintaining the mixture under agitation until
it became homogeneous. After additional two hours under agitation the
mixture, now at room temperature, was poured into glass vessels under
dry atmosphere (desiccator with sulphuric acid) by several days to obtain
membranes. The resulting membranes were uniform, smooth, homogeneous
with a constant white color on the whole surface due to the presence of
highly dispersed TiO2 nanoparticles, and having a thickness of 0.2 mm.

The thermal characterization was carried out by using a TA Instrument
DSC Q100 calorimeter at a thermal scan of 10°C/min under a nitrogen at-
mosphere in a temperature range between —75°C and 250°C. Thermogravi-
metric characterization (TG) was carried out with a TA instruments 2050
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TGA microbalance at a temperature rate of 10°C/min under a nitrogen
atmosphere from ambient temperature to 180°C.

The electrical characterizations of the samples were performed by impe-
dance spectroscopy (IS) using an Agilent 4294A impedance analyzer in a
frequency range 40 Hz to 6 MHz, with a voltage signal of 500 mV peak-
to-peak. The measurements were done at isotherms separated by 10°C be-
tween room temperature and 120°C, under an air atmosphere. Cylindrical
silver electrodes of 5.0 mm in diameter were used to contact the samples.
The dc conductivity was determined from the bulk sample resistance us-
ing the impedance plots, Z, by extrapolation of the circular portion of the
spectrum to the real axis Z’, and then using the expression oy = d/AR
being R the intercept with the Z’-axis, d the membrane thickness, and A
the sample contact area with the electrodes. The Jonscher model [17]

o(w) =00 + Aw" (1)

was used to determine og by fitting experimental data, where og is the
dc conductivity (independent of frequency), A is a pre-exponential factor
related to crossover frequency, wy, and n is between 0 and 1.

From the impedance data, Z'(w) and Z”(w), the values for real part
of the conductivity (¢’), real part (¢’), and imaginary part (") of the
permittivity were obtained by following relations:

, Zl/

o) = gaygm @

Z//

I __

=T wCo(27 + 27 )

Z/

"

= 4
wCo(272 + 7) )

where Cj is the empty cell capacitance.

The Fourier transform infrared spectra, FT-IR, were recorded using a
Vertex 70 with resolution 4 cm™!, on an interval from 4000 cm™! to 500
cm~!. Spectra were obtained at room temperature and under a nitrogen
atmosphere.
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3 Result and discussions

Typical DSC curves for (1 — x)(H3POy/PVA)- 2TiOy membranes with
constant ratio P/OH = 0.3 and different concentrations x (for 0.07, red;
2.57, green; 5.0/, blue; 7.5/, navy; 10.0%, olive) of TiOg are depicted in
Figure [I}

Heat flow (a. u.)

x=0.0%

T

e
40 0 40 80 120 160 200 240
Temperature (°C)

Figure 1: DSC curves for the (1 — 2)(HsPO3/PVA)- £TiO3 membranes with
TiO2 content of x = 0.0/ (red), 2.5/ (green), 5.0/ (blue), 7.5/ (navy), and 10.0/
(olive), from —75°C to 250°C using a heating rate of 10°C/min under a dry Ns
flux. The vertical arrow (for z = 0.0%) and the dotted line (for x = 2.5/, 5.07,
7.5/, and 10.0%) indicate Tj,.

It was reported [8] previously, for HsPOy and PVA based membranes
with acid high concentrations and high degree of hydration of the polymer
that the glass transition temperature (7,) was below 0.0°C. In our case,
for low acid concentrations (P/OH = 0.3, z = 0.0%) the T} is around 75°C
(as indicated by the vertical arrow) while for TiOy doped samples the T}
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appears around 35°C (as indicated by a dotted line), thus clearly indicating
the effect of the oxide filler. The melting point for all membranes is observed
at around 175°C.

FT-IR spectra for PVA and (1 — x)(H3POy/ PVA)-2TiO; system are
showed in Figure 2]

(d) X = 5.0%

(b) X = 0.0% :
: (€) X=7.5%

Intensity (counts)

() X = 2.5% ;
: (d) X=10.0%
3750 3000 2250 1500 750 3750 3000 2250 150 750
Wavenumber (cm™) wavenumber (cm

Figure 2: FT-IR spectra of PVA and (1 — z) (H3PO2/PVA)-2TiOy with TiOq
content of x = 0.0% (red), 2.57 (green), 5.0% (blue), 7.5/ (navy), and 10.0% (olive).

For pure PVA, four characteristic absorption bands are observed: the
one at 3485 cm ™! which is assigned to vibration along the C—OH-chains
bonds in PVA; the second one at 2957 cm ™! attributed to asymmetric elon-
gation of the CH-CHa-groups. The third one at 1477 cm™! was associated
with CH—cross deformations in CHs-groups and the fourth band at 742
em ™! was assigned to H-C-C-H-bound modes in the CHy groups. Addi-
tionally, the H3POgy/PVA system was also characterized. In this case, two
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additional bands appeared which were associated with vibration along the
Vas(POg)-antisymmetric bonds and the V4(POg)-symmetric bonds at 1269
em~! and 1102 ecm™!, respectively. Finally, by the addition of different
TiO2 concentrations, spectra show changes (movement and intensification
of the peaks) for bands associated to CHsz, PO2, CHy, and C—C functional
groups. These changes might be related to effects of approximation of the
nanoparticles with the polymer chains.

100 -
95 -
e\i 90 -
5
; |——x= 0.0%
Xx= 2.5%
801——x= 5.0%
—x= 7.5%
75 —x=10.0%
30 60 90 120 150 180

Temperature (°C)

Figure 3: TGA curves of (1 — z)(H3POy/PVA)- 2TiOy with TiOs content of
x = 0.0/ (red), 2.5/ (green), 5.07% (blue), 7.57 (navy), and 10.07Z (olive).

Figure [3] shows the TGA curves of the membranes at a heating rate
of 10°C/min. It is observed that all the TGA curves show a continuous
weight loss as the temperature is increased. This loss is attributable to
the evaporation of water molecules absorbed on the membrane surface or
trapped within the chains of the polymer matrix. However, it is important
to note that the losses presented between room temperature and 100°C
increases with the concentration of TiOs indicating higher water content
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in the fresh samples as the oxide filler content increases. Later on, the
electrical measurements will reflect the influence of water removal from the
samples on their proton conductivities.

5 ° --@- 0.0%
Il e 2.5%
g--o‘g-"--o._ --@- 5.0%
— 31 a3 o % 9 - 7.5%
— oot T O - 0,
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Figure 4: Temperature variation of the dc conductivity of (1—x)(HsPO3/PVA)-
2TiO2 with TiO2 content of z = 0.07 (red), 2.5/ (green), 5.0% (blue), 7.57 (navy),
and 10.07 (olive).

Figure {4] shows the temperature variation of dc conductivity on a log-
arithm scale calculated from the impedance Nyquist plots of the (1 —
x)(HgPOg/PVA)-2TiO2 membrane. The results show that dec conductivity
values decrease with increasing temperature in the range where the mem-
branes release water as noted in the results of TGA (see Figure [3) indicat-
ing that the proton transport membranes is provided in regions containing
water that form a liquid phase or aqueous solution with H3POs. This lig-
uid phase coexists with a solid phase of the reinforced polymer, consisting
of PVA, the acid which is not dissolved in the liquid phase, and the dis-
persed TiOg particles, as discussed in references [9] and [18] for similar
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polymeric membranes. This phenomenon is common in perfluoronated hy-
drated membranes (Naﬁon®). The dc conductivity is between 107> S/cm
to 1072 S/cm at room temperature, being about 1072 S/cm for 5.0/ TiOs.
Furthermore, above a decreasing step of dc conductivity, it remains at a
constant value with increasing temperatures for each concentration. Con-
ductivity values in this high-temperature interval have values from 1076
S/cm to 1074 S/cm that depends on concentration and the highest one
correspond to x = 0.07.

1E-3+

10° 10* 10° 10° 10’ 10°

W (rad/s)

Figure 5: Log-log plot of the real part of the conductivity (¢’) as a function
of (angular) frequency (w) for (1 — z) (HsPO3/PVA)-2TiOy with TiO3 content
of x = 10.07 at several isotherms at 30°C (red), 40°C (green), 50°C (blue), 60°C
(cyan), 70°C (magenta), 80°C (dark yellow), 90°C (navy), and 100°C (purple).
Solid line represents a Jonscher model fitting according to Equation .

Figure [5| shows the real part of the electrical conductivity ¢’ as a func-
tion of the (angular) frequency [w = 27 f (Hz)| in double logarithmic scale
at different isotherms. In all spectra it can be seen three distinct regions
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as the temperature increases: at low frequency, a strongly dispersive ini-
tial region (I) which corresponds to the charge transfer processes at the
electrode-electrolyte interface, followed by an intermediate less dispersive
frequency region (/1) corresponding to the long range ionic transport (de-
regime). Notice that o/ decreases with increasing temperature between
20°C and 120°C. Finally, a highly dispersive frequency region (I1I), in
which the conductivity increases rapidly with increasing frequency. This
phenomenology can be attributed to strong correlations in the hopping of
charge carriers (relaxation of conductivity). The behavior in region /1 and
I1T follow the power law proposed by Jonscher [I7], ¢/(w) = o¢ + Aw™,
where n is a fractional exponent between 0 and 1. The parameter n has
been proposed to be close to 1 for stronggly correlated ion motion and to
be equal to zero for completely random and independent Debye-like ion
hops [17]. The Jonscher phenomenological model was used to fit the exper-
imental data of the conductivity ¢’ as a function of frequency represented
by a solid line in Figure [5| to obtain o, n, and w, parameters.

Table 1: Fitting parameters obtained from the Jonscher model for membrane
with concentration x = 10.07.

’ T (°C) \ n \ A \ oo (S/cm) ‘
30 1.23 [ 4.620 x10~ 1% | 4.44 x10~*
40 1.44 ] 8.298 x10~ 16 | 3.06 x10~*
50 1.00 | 1.253 <10~ | 1.85 x10~*
60 0.86 | 2.048 x10~ 1T [ 1.74 x10~*
70 0.46 | 2.939 x10~® | 5.95 x10~°
80 0.44 | 4.134 x1078 | 6.08 x10~°
90 0.43 | 5.879 x10~% | 5.43 x10~°
100 | 0.42 | 6.411 x10°% | 5.42 x107°

Table [T] gives the values for n, A, and oy according to Jonscher model
for the membrane with = = 10.07. It is important to stress that the dc
conductivity (o¢) values coincide those calculated from Nyquist plots. On
the other hand, the n-exponent parameters are between 0 and 1, except
data recorded at 30°C and 40°C which give values higher than 1 that may
be associated with high values of energy storage in the collective move-
ments of the short-range ions and which can not be explained by Jonscher
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model. Moreover, the crossover frequency (w,) values decrease with in-
creasing temperature similar to those of dc conductivity. This observation
indicates that all processes of ion transport, either long-range (dc conduc-
tivity) or relaxation (characterized by the frequency wy), have the same
origin, that is, migration (jump) of the charge carriers in the polymeric
matrix.

In terms of the dielectric permittivity, calculated from equation and
for its real and imaginary parts, we have:

e(w) = £/ (W) — ie" (w) (5)

Frequency (Hz)

Figure 6: The correct and normalized imaginary part of dielectric permittivity,
el /em ., for the (1 — 2)(H3POy/PVA)-2TiOs membrane with TiOs content of
x = 10.07 at different isotherms as a function of frequency in logarithm scale.
The solid lines are guides to the eye.

Figure [6] shows the result for the corrected and normalized imaginary

3 : LRI " " " "
part of dielectric permittivity, /... /en ., where e/ = ¢&" — oo /w for the
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composite concentration z = 10.07Z. Here we observe a dielectric relax-
ation peak at low temperature and relavively low frequency. This peak is
observed at around 103 Hz at different isotherms. We attribute this relax-
ation to the presence of water in the polymer that introduce polar effect in
the composite.

4 Conclusions

Composite polymer electrolyte based on PVA-H3POs,with constant molar
ratio P/OH = 0.3, and reinforced with nanoparticles TiO2 (doping con-
centration x < 10.07), homogenously dispersed, have been prepared. The
TGA results show that the oxide filler of TiO2 nanoparticles increases the
water content in the hydrated composites. Moreover, the DSC results show
that the glass transition for membranes based on H3POs and PVA with
high acid concentrations and high degree of hydration of PVA is below
0°C, as reported previously, which is shifted to about 75°C for membranes
with a low acid concentration of P/OH = 0.3, thus indicating that the acid
aqueous solution plasticizes the polymer. However, when the membranes
are reinforced with TiOg the glass transition temperature decrease to 35°C,
thus suggesting that the water content increases due to the presence of the
porous TiO9 nanoparticles which increases the plasticity of the blends. On
the other hand, the melting point appears at around 175°C for all mem-
branes, close to that of the polymer matrix of PVA, indicating identical
bond strength. Infrared spectroscopy spectra for pure PVA, as well as
with acid content and with dispersed TiOs nanoparticles show variation
in the absorption peaks indicating that the acid and TiOs are chemically
coordinated to the PVA chains.

DC conductivity is in the range 107° S/cm to 1072 S/cm at room tem-
perature for TiOy concentrations examined, reaching its maximum value
of 1072 S/cm for a 5.07-TiOy concentration.

The real part of the conductivity as a function of frequency shows a
behavior known as Jonscher’s power-law, with a crossover frequency (wp)
associated with relaxation in the mobile ions. The temperature-dependency
of w, follows the temperature variation of the dc conductivity, suggesting
a common origin in these processes as a consequence of correlations among
ions hopping.
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The permittivity of the hydrated samples (at lower temperatures) shows
as a function of frequency dielectric relaxation peaks in its imaginary part
that we attribute to the polar effect of the water molecule in the membranes.
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