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ABSTRACT 

The proton conducting polymer blend of poly(vinyl 
alcohol) and phosphoric acid has been modeled using 
AC impedance techniques. Evidence indicates the 
presence of a separate phosphoric acid/water phase 
which is responsible for the proton conduction of 
the film. This is supported by differential 
scanning calorimetry, dielectric, and conductivity 
measurements. Conductivity versus temperature plots 
show Arrhenius-like behavior rather than the free 
vo 1 ume type behavior associated with ion transport 
mechanisms dependent on polymer motion. 

INTRODUCTION 

"Fast-ion" conducting solid materials, which 
approach electrolyte solutions in conductivity, are 
an area of active research. These materi a 1 s range 
from crystalline inorganic solids such as sodium 
beta alumina to ionic polymers such as poly(ethylene 
oxide) and poly(ethylene succinate) complexed with 
alkali metal salts. These po!ymeric com11_lexes have
ionic conductivities of 2xl0-

6 (ohm-cm)-1 for PEO­
L iS03cF3 at 98 °C Ill and 3xlo- (ohm-cm)- for PESc­
LiBF4 (3:1) at 65 °C [ 2). These high conductivities
are only observed above the glass transition 
temperature of the polymer complex. Conduction is 
believed to occur primarily in the amorphous phase 
and is dependent on the local motion of the 
polymer. Thus, the ionic conductivity is adequately 
modeled by free volume theory and the Williams­
Landel-Ferry (WLF) equation (3], which exhibits non­
Arrhenius behavior. 

The proton conducting polymer b 1 ends composed of 
poly(vinyl alcohol) (PVf) and !trosphoric '}_Cid have
conductivities from 10- to 10 - (ohm-cm)- at room
temperature, depending on the acid content of the 
film. This system is unique in that it shows 
significant ionic conductivity below the glass 
transition temperature of the polymer; thus they are 
practical for sensor applications which operate at 
room temperature (4). 

EXPERIMENTAL 

Polymer Film Preparation: 

Membranes were prepared from 100% hydrolyzed, 
Ave. MW = 86K to 133K, PVA dissolved in deionized 
water with the appropriate amount of 85% H3P04•
Composition ratios are in terms of moles polymer 
repeat unit to moles phosphoric acid. The solutions 
were poured into polycarbonate petri di shes and the 
water was al lowed to evaporate under ambient 
conditions. Disks of the resulting films were cut 
out and platinum or gold electrodes sputter­
deposited to -500A thickness. 

Complex Impedance Measurements: 

Complex impedance measurements were made using 
the GenRad Precision RLC Digibridge in an RC 
parallel circuit configuration over a frequency 

range of 10 Hz to 100 kHz for a specified AC signal 
of fixed amplitude and frequency w. The magnitude 
(denoted by boldface type) of the impedance can be 
calculated from: 

z = 

0 = 

The real 
which can 
given by: 

(R 2/(1 + (wR C )2 ))1/2
p p p 

-- tan -l (wRPCP).

and 

and imaginary parts of the admittance, 
be determined from the impedance, are 

G = cos 0/Z and B = -sin 0/Z, (1) 

respectively, which are then plotted in the complex 
admittance plane. These plots are then used to 
determine an equiv a 1 ent circuit based on the 
physical and chemical nature of the system being 
modeled [5]. 

Since the impedance of the polymer films is 
highly dependent on their water content, the 
membranes were placed in a dry gas stream for 
approximately 24 hours before measurement. The 
films' physical and electronic properties stabilize 
at this point. 

The samples were exposed to an atmosphere of 100% 
H

2 
with an applied AC signal of 5 mV. Possible 

polarization effects were checked at 5 mV, 10 mV, 
and 1 V applied in 100% H2 for a PVA/Hl04 (3.8:1)
film with blocking electrodes. No significant 
differences were noted. 

Arrhenius Plots: 

PVA/H3Po4 films were exposed to 0.1% H
2
/99.9% He

in a Rettl er TMA 40 chamber for temperature 
control. Temperature programs were run in both 
directions with the same results. Impedance and 
phase angle readings were taken using a Hewlett 
Packard 4800A Vector Impedance Meter with analog 
output. The frequency was measured with an HP 5327B 
Timer Counter DVM. The complex admittance was 
determined from equation (1). 

Dielectric Measurements: 

All dielectric measurements were made using the 
Eumetri c System II Mi crodi el ectrometer. High acid 
content measurements were made using the 
uncalibrated high conductivity sensors, which 
measure resistance only. Since these films are 
approximately the same thicknesses, relative 
resistances can be compared for trend analysis. 
Samples were prepared by dissolving 1 gram of 
polymer in 10-20 ml DI water, adding the appropriate 
amount of 85% phosphoric acid, and sonicating for 15 
seconds to remove trapped air. Two to three drops 
of solution were placed on each sensor and the water 
allowed to evaporate at room temperature in dry 
nitrogen; the sensors were then stored in dry 
nitrogen until completion of the experiment. 
Measurements were made at 10 Hz. 
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A low acid film, 9.5 weight % acid on a water­
free basis, was made on a calibrated low 
conductivity microdielectric sensor, which 
determines the real and imaginary components of the 
dielectric constant. The sample was prepared in the 
manner described above with diluted 85% phosphoric 
acid. The permittivity and dielectric loss were 
determined for the frequency range from 250 Hz, the 
lowest on-scale reading, to 10 kHz. 

RESULTS AND DISCUSSION 

The relative resistance of the polymer blend as a 
function of acid content was measured for a series 
of PVA/�3Po4 �amples. The change in conductivity 
occurs in a d1 screte step. as opposed to a smooth 
change, from low to high acid compositions. 
suggesting a separate conducting phase. At low acid 
contents, the conducting phase would exist in small 
domains disconnected from each other. When a 
critical volume is reached, the separate domains are 
in close enough proximity to link up and form a 
continuous conducting phase. A similar scenario has 
been suggested for sodium ion conduction in Nafion 
soaked in salt solution [6). 

This is consistent with analysis by differential 
scanning calorimetry (DSC). In the proton 
conducting polymer blends studied, there is a second 
order transition due to phosphoric acid/water. 
distinct from the glass transition of the polymer. 
The temperature of this transition is a function of 
acid content, water content, and the polymer. The 
phosphoric acid/water plasticizes the polymer; 
however. the glass transition temperature of the 
polymer is well above room temperature. 

A simple equivalent circuit composed of 
capacitors and resistors will produce complex 
admittance p 1 ots with one or more arcs centered on 
the real axis at the lower frequencies and a spur 
perpendicular to the real axis at higher 
frequencies. Each arc corresponds to a lumped RC 
combination. The spur is the result of the 
geometric capacitance. the capacitive coupling of 
the electrodes through a dielectric, i.e •• the 
polymer electrolyte. In a diffusion controlled 
system, which is equivalent to a distributed RC 
network and termed the Warburg impedance (Zw), the 
center of the arc is depressed below the real axis 
so that it forms a 45° angle with the origin and the 
spur forms a 45° angle to the real axis.

The basic physical model for the PVA/H3Po4 system 
can be broken up into a number of steps: 
contributions due to the electrodes, the electrode/ 
electrolyte interface. and the polymer. By changing 
the experimental conditions, one can change the rate 
limiting (i.e •• highest impedance) step for the 
t?tal process and isolate. to some degree. the 
different processes for examination. The assumption 
':'ade _for these experiments is that processes 
1nvolv1ng the adsorption and dissociation of H2 will 
occur so rapidly in a 100% hydrogen atmosphere that 
they wi 11 not affect the frequency response of the 
equivalent circuit over the frequency range studied. 

Ohmic electrodes. in this case, platinum are 
capable of injecting charge carriers (protons)

• 
into 

the electrolyte from an external source and are 
modeled by a resistor, Re. Gold (blocking) 
electrodes are not and are modeled by a capacitor, 
C • Redox reactions occurring at the 
electrode/electrolyte interface should be 
discernible by comp 1 ex admittance analysis and can 
be modeled by a resistor. R;. The polymer can be 

modeled as a resistor R and a capacitor C in 
parallel (or some unspecffied impedance. Z0) .P the
magnitudes of which vary with the conductivity of 
the film. In low acid films. transport through the 
polymer becomes rate limiting and the impedance due 
to the polymer will predominate. For highly 
conductive polymers. this impedance will be very 
small and the impedance due to diffusion limitations 
after proton injection at the interface. Zw • wi 11
predominate. Model equivalent circuits for both
types of electrodes are shown in Figure 1. 

Ri Rp 
Re 

Cp 

Cg 

Total ohmic electrode case 

Cp 

Cg 

Blocking electrode case 

Figure 1. Equivalent circuit models for complex 
impedance analysis. 

Data presented in Figures 2 and 3 show the 
complex admittance as a function of polymer 
composition for the blocking and ohmic electrode 
cases. The compositions are chosen so that the films 
fall on each side of the step change in 
conductivity. These admittance plots are consistent 
w�th the equivalent circuit models developed in 
Figure 1. Values for the equivalent circuit 
components have not been ca lcu 1 ated because of the 
variability in nominally identical films. 

The data in the low acid plot, 3.8:0.25 mole 
ratio PVA/H3Po4 (Figure 2). approximates the "ideal" 
equivalent circuit. Both the bulk, R /C and the 
redox reactions at the electroJe;Jli�ctrolyte 
interface. R;. contribute to the response. Since 
the arc generated by the el ectrode/e 1 ectro lyte 
interface is centered on the real axis, the resistor 
Ri is adequate in this �se. The spurs due to the
bulk electrolyte form an - 80 ° angle with the real
axis. The high acid data, 3.8:l mole ratio 
PVA/H3Po4 (Figure 3). approaches the distributed RC 
model for the diffusion limitation after proton 
injection into the polymer. The center of the arc 
forms an - 20° angle with the origin below the real 
axis and the spurs are at a 50-60° angle to the G 
axis. 

Additional evidence that ionic conductivity (cr) 
in the bulk polymer predominates in the low acid 
sample is presented in Figure 4. The dielectric 
loss factor (E") is a function of the bulk ionic 
conductivity and the dipole motion in the sample, 
which yield a straight 1 ine and a parabola, 
respectively, as a function of frequency. In the 
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Figure 2. Complex admittance of PVA/H3Po4, 3.8:0.25
mole ratio. 

-

C: 

X 

15...----------------, 

1 2  

9 

6 

0 

• Au electrodes

■ Pt electrodes

I " 
I 

\ 

9 12 

G X 10 4 (Sl-1)

Figure 3. Complex admittance of PVA/H3Po4, 3.8:1
mole ratio. 

region where E" "' a/w , the slope for a log E
11 vs 

log w line due to ionic motion should be -1, as is 
the case. 
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Processes occuring at the electrode/ electrolyte 
interface ca�1 b2 examined by plotting the impedance
vs frequency I for the 3.8:l film. Figure 5 is
the same data used to generate the complex 
admittance plots in Figure 3. The data fall into 
the frequency dependent (Zw) and frequency
independent (Ri) regions discussed previously. As
would be expected, the mass transfer limitations 
dominate the highly conductive PVA/H3Po4 polymer.
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Impedance of a high acid PVA/H3Po4 film.

Plots of log oT versus inverse temperature in the 
range of -40 ° C to 40 ° C show Arrhenius-type behavior 
{Figure 6), which is consistent with a separate 
electrolyte conducting phase, as opposed to the 
deviation characteristic of conduction due to free 
volume behavior. Conductivity is determined from 
the intercept of the spur with the real axis in the 
complex admittance plots and can be calculated 
by a = Gl/A, where G is the value determined from 
the admittance plot, 1 is the film thickness, and A 
is the area of the electrode. The appropriateness 
of the G value was confirmed by comparing Arrhenius 
plots with both ohmic and blocking electrodes (run 
in 100% H2).

-3

Ea = 22 kcal/mo! 
-7

-11

·15 Ea = 3.6 kcal/mol 

-19 
3 6 

Figure 6.Arrhenius plot for PVA/H3Po4 proton
conducting polymer blend. 

The intersection of the two lines in Figure 6 
denotes a change in transport mechanism and/or a 
change in the ionic transport number {the ratio of 
ionic conduction to total ionic and electronic 
conduction), assuming a Nernstian response. By 
measuring the EMF generated at a known hydrogen 
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concentration ratio, the ionic transport factor was 
calculated to be 1.0 (proton conduction only) from 
room temperature to -30 °C. At -45° C, below the 
point where the two lines on the Arrhenius plot 
intersect, the ionic transport factor was calculated 
to be 0.5. The physical significance of the break 
at -40°C is not clear at this time. One possible 
interpretation is the freezing of the electrolyte 
solution conducting phase at this low temperature. 

CONCLUSIONS 

Diverse evidence points to a separate electrolyte 
conducting phase as the proton transport mechanism 
in the PVA/H3Po4 proton conducting polymer b 1 ends.
DSC analysis shows two second order transitions 
attributed to the polymer and electrolyte conducting 
phase. The temperature of the latter strongly 
depends on the acid and water contents of the 
films. A basic equivalent circuit model has been 
developed using AC impedance techniques and 
supported by additional dielectric and conductivity 
measurements. Arrhenius plots based on this model 
do not show free volume behavior expected from a 
transport mechanism closely 1 inked to the movement 
of the polymer. 
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