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1 INTRODUCTION

Ion�conducting polymer membranes have been
widely investigated in the aim to be used in various
chemical and electrochemical applications. As
example, we cite diffusion dialysis, electrodialysis,
electrolysis, rechargeable batteries and fuel cells [1,
2]. Researches aim to develop low�cost new materials
endowed with good performances. Especially,
enhanced ionic conductivity and good thermal and
mechanical stabilities are key points of investigation
in the field. According to literature relative to fuel
cells and especially for low temperature type fuel
cells, the electrolyte is generally made with polymer
bearing sulfonate or carboxylate groups [3–6]. Sul�
fonate and carboxylate or other acid groups are used
as sources of protons to ensure the electric conduc�
tivity by proton exchange processes. Proton conduc�
tivity is enhanced by the presence of humidity which
ameliorates the proton exchange between the proton
donor and water molecules. For this, in the fuel cell
application the electrolyte is subjected to a humidifi�
cation step prior to use. The retained water is distrib�
uted in the form of interconnected nanosized aque�
ous regions [6, 7].

1 The article is published in the original.

In the present work, we chose the polyvinyl alcohol
(PVA) as a polymer matrix. It is known by its hydro�
philic properties, good transparency and fast charge
transfer at electrode–electrolyte interface [8, 9]. This
polymer has a high swelling property and thus provides
the larger channels for transporting H+ ions [7]. We
realize the blending of PVA with ammonium chloride
salt (NH4Cl) or ammonium acetate salt
(NH4CH3CO2) used here as proton donors. We aim to
investigate thermal, structural, conductivity and
dielectric relaxation as a function of the salt amount in
a temperature range which covers 80°C which is the
habitual working temperature of polymer electrolyte
fuel cells [10].

EXPERIMENTAL

Sample Preparation 

We prepared PVA/NH4Cl and
PVA/NH4CH3CO2 composites by using the solution
cast method. In a first step, we dissolved the polyvi�
nyl alcohol (99% hydrolyzed, Aldrich) in ultra pure
water at 85°C. In a second step, we added the desired
amount of ammonium salt to the solution with con�
tinuous stirring during two hours. We cast the
obtained viscous solution on a Petri dish and we
dried at ambient atmosphere during four days. This
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method provided free standing films having 100 to
150 μm thickness, estimated by electron microscopy.
We prepared two series of composite films with vari�
ous amounts of ammonium salt corresponding to 4,
8, 12, and 16% of salt molar ratios.

Sample Characterization

We performed FTIR measurements in the range of
400–4000 cm–1 by using a Shimadzu 8400S spectro�
photometer with a resolution of 2 cm–1. We deter�
mined the weight loss by thermal gravimetric analysis
(TGA) by using a SETSYS Evo (Setaram) thermal
Analyzer from 20 to 400°C with a heating rate of
10°C/min. We effectuated Differential Scanning Cal�
orimetry (DSC) by using a Perkin Elmer 4000 calo�
rimeter from –30 to 300°C with a heating rate of
10°C/min to determine the glass transition tempera�
ture and other structural transformations. We con�
ducted X�ray diffraction (XRD) by using an X’Pert
Pro MPD diffractometer (Panalytical) to determine
the variation of the crystalline structure as a function
of the composition. For the electric study (conductiv�
ity and dielectric relaxation), we conducted dielectric
measurements from 10 to 150°C by using a Novocon�
trol Alpha Analyzer in the frequency range of 0.1 Hz to
1 MHz. For this measurement, the film was sand�
wiched between two circular stainless steel electrodes
related to a temperature controller. The measuring cell
was immersed in pure nitrogen atmosphere and the
sample was subjected to an alternative voltage of
50 mV amplitude.

RESULTS AND DISCUSSION

FTIR Measurements 

We present in Fig. 1 infrared absorbance spectra of
PVA matrix, PVA/NH4Cl and PVA/NH4CH3CO2
composites. We distinguish a large band around
3350 cm–1 attributed to O–H stretching, a peak
around 2920 cm–1 assigned to C–H stretching, a peak
around 1710 cm–1 due to C=O stretching [11, 12], a
peak around 1430 cm–1 assigned to C–H vibration out
of plane, a large band between 1100 and 1140 cm–1

assigned to C–H bending and C–O stretching [11, 9],
a peak around 920 cm–1 due to O–H motion out of
plane [13, 14]. All these peaks are also observed in
composites spectra. In addition, we distinguish the
appearance of a band around 3140 cm–1, assigned to
N–H absorption. We note also the progressive broad�
ening of the band around 3300 cm–1 when we increase
the salt amount. This behavior is more accentuated
when PVA is blended with ammonium acetate salt.
It is attributed to the presence of H�bonding interac�
tion between the salt and the hydroxyl group of PVA.

XRD

We present in Fig. 2 X�Ray difractograms of various
composites. We distinguish the characteristic peak of
pure PVA around 2θ = 19.6° [15]. This peak confirms
the semi�crystalline structure of pure PVA: organized
chain regions embedded in amorphous media. After
the blending process, this peak remains located
around the same 2θ position but becomes broader and
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Fig. 1. IR absorbance of (1) pure PVA, (2) PVA/NH4Cl
4%, (3) PVA/NH4Cl 16%, (4) PVA/NH4CH3CO2 4%,
and (5) PVA/NH4CH3CO2 12%.
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Fig. 2. XRD spectra of (1) pure PVA, (2) PVA/NH4Cl 4%,
(3) PVA/NH4Cl 16%, (4) PVA/NH4CH3CO2 4%, and
(5) PVA/NH4CH3CO2 12%.
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smaller in intensity. The amorphous structure is
extended; the average grain size of the organized chain
regions is reduced. We check the average particle size
by using the Debye–Scherer formula [16]:

(1)

where D designs the average diameter of the crystals, λ
is the X�ray radiation wavelength and B is the peak full
width at half maximum intensity. We find that B
increases (i.e. the average diameter D decreases) by
increasing the salt concentration in the composite.

D 0.9λ
B θcos
�������������,=

Thermal Analyses

In TGA spectra (Fig. 3), we locate a first weight loss
around 100°C attributed to water evaporation. From
this loss we deduce the hydration wt % in each com�
posite and its evolution versus the salt amount. In
PVA/NH4Cl, We find the highest amount of water in
the 4% composite (Table 1). But in PVA/NH4CH3CO2
this amount decreases monotonically when we
increase the salt amount (Table 1). However, the two
types of composites were prepared and dried in the
same experimental conditions.

Also, we locate a second weight loss occurring
around 228°C for pure PVA and between 236–241°C
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Fig. 3. TGA curves of (1) pure PVA, (2) PVA/NH4Cl 4%,
(3) PVA/NH4Cl 16%, (4) PVA/NH4CH3CO2 4%, and (5)
PVA/NH4CH3CO2 16%.

Table 1.  Water amount, glass transition, melting and degradation temperatures of various PVA/NH4Cl and PVA/NH4CH3CO2
composites

Sample Salt, mol % Water, wt % Tg, °C Tm, °C Tdeg, °C

Pure PVA 0% 4.95 24 219 228

PVA/NH4Cl 4% 5.8 10 205 270

8% – 12 198 –

12% – 14 198 –

16% 4.15 10 201 295

PVA/NH4CH3CO2 4% 5.5 52 218 236

8% – 40 217 –

12% – 35 218 –

16% 4.3 33 220 241
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Fig. 4. (1) PVA, (2) PVA/NH4Cl 4%, (3) PVA/NH4Cl
16%, (4) PVA/NH4CH3CO2 4%, and (5)
PVA/NH4CH3CO2 12%.
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for PVA/NH4CH3CO2. This loss is attributed to PVA
degradation. For PVA/NH4Cl, the PVA degradation is
observed around 270°C.

It is clear that thermal stability of the composite is
enhanced by salt addition. The attractive hydrogen
bonding between the salt molecules and the hydroxyl
groups of the polymer which we confirmed by FTIR
measurements enhances the thermal stability.

In DSC thermograms (Fig. 4), we locate an endot�
hermic peak situated around 100°C. It corresponds to
water evaporation. Also, we distinguish an endother�
mic peak corresponding to PVA melting, the melting
temperature is noted Tm (Table 1). Also, we observe in
all composite thermograms an endothermic peak cor�
responding to salt decomposition. Indeed, this peak
doesn’t appear in pure PVA thermogram.

Also, DSC spectra show an endothermic step cor�
responding to the glass/rubber transition temperature
which we note Tg. The glass transition temperature is
located around 24°C for pure PVA. This value is much
lower than the Tg = 86°C of anhydrous PVA, available
in literature [2]. Our result supports the plasticizer role
played by retained water. For composites, the Tg is
higher with NH4CH3CO2 than with NH4Cl (Table 1).
This implies lower polymer chain mobility and con�
firms the role of the attractive interaction established
between the salt and the polymer on the local mobility
of the polymer chains.

Conductivity and Dielectric Relaxation 

AC conductivity. We present in Figs. 5a, 5b, and 5c
the alternative current conductivity σac(σ) for pure
PVA, PVA/NH4Cl 4% and PVA/NH4CH3CO2 4%
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Fig. 5. Ac conductivity of (a) pure PVA, (b) PVA/NH4Cl 4%, and (c) PVA/NH4CH3CO2 4% at 10, 25, and 73°C (solid lines are
fitting curves to the universal Jonscher law).
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respectively. At low temperatures (around ambient
temperature), curves are characterized by two fre�
quency domains. The first is situated at low frequen�
cies where the conductivity appears in the form of a
plateau indicating frequency independent conductiv�
ity and a second region situated at higher frequencies
where the conductivity varies as a power law (Aωs).
The plateau defines the direct current conductivity
noted σdc. The power law response signifies that con�
ductivity in higher frequency is ensured by charge
hopping processes, backward/forward hopping
between localization states randomly distributed. This
response is usually observed in disordered materials.
We observe this behavior as well in the matrix as in
composites with various amounts of ammonium salt.
The conductivity is expressed by the universal Jonsher
law [17]:

(2)

where T is the absolute temperature, A is a proportion�
ality coefficient and s is the power law exponent lying
between 0 and 1. We present in the same (Figs. 5a, 5b,
and 5c) the fitting curves to the universal Jonsher law
as solid lines.

As we increase temperature, the plateau corre�
sponding to dc conductivity shifts towards higher fre�
quencies and it appears a branch in which the conduc�
tivity decreases when the frequency decreases. This
branch is due to charge accumulation at elec�
trode/sample interfaces. The enhancement of the
charge mobility due to increase of temperature accen�
tuated the accumulation process and favors the capac�
itive behavior of the sample/electrode interface. The
global response becomes dominated by this capacitive
behavior at low frequencies and higher temperatures.
We observed in literature similar conductivity behavior
in ionic conducting systems analogous to ours [18].

3.4.2. DC conductivity. We present in Fig. 6 the
variation of σdc(T) in Arrhenius representation i.e.
log(σdc) = f(1000/T). For low temperatures (lower
than 100°C), the conductivity increases by increasing
temperature. When temperature exceeds 100°C the

σac ω T,( ) σdc T( ) A T( )ωs ω T,( )
,+=

conductivity decreases. This temperature corresponds
to loss of water as indicated by TGA analyses. The loss
of water molecules implies the decrease of proton
exchange efficiency causing the decrease of the dc
conductivity.

We fit σdc to the Arrhenius law given by:

(3)

where Ea is the activation energy, kB = 1.38 10–23 J/K
the Boltzmann constant, T the absolute temperature
and σ0 a pre�exponential factor. Activation energies
are presented in Table 2. We obtain energy values in the
order of 1 eV which is convenient with ionic type con�
ductivity in disordered materials [19]. In fact, the acti�
vation energy of conductivity in electronic conducting
polymers and their composites is situated in the order

σdc T( ) σ0
Ea

kBT
�������–⎝ ⎠

⎛ ⎞ ,exp=
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Fig. 6. log(σdc) = f(1000/T) for (1) pure PVA, (2)
PVA/NH4Cl 4%, (3) PVA/NH4Cl 16%, (4)
PVA/NH4CH3CO2 4%, and (5) PVA/NH4CH3CO2 12%
(solid lines are fitting curves to Arrhenius law).

Table 2.  Activation energies of dc conductivity, conductivity relaxation, alpha relaxation electrode relaxation for pure PVA and
various composites

Sample
Activation energy, eV

Dc conductivity conductivity relaxation α relaxation interfacial relaxation

Pure PVA 1.18 ± 0.12 1.25 ± 0.12 1.01 ± 0.1 0.89 ± 0.09

PVA/NH4Cl 4% 1.05 ± 0.1 1.11 ± 0.11 0.82 ± 0.08 0.95 ± 0.09

PVA/NH4Cl 8% 0.69 ± 0.07 0.59 ± 0.06 0.7 ± 0.07 0.64 ± 0.06

PVA/NH4CH3CO2 4% 1.58 ± 0.16 1.6 ± 0.16 1.42 ± 0.14 1.37 ± 0.14

PVA/NH4CH3CO2 8% 1.95 ± 0.2 2.3 ± 0.23 1.53 ± 0.15 1.84 ± 0.18
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of meV. As a comparison between the two types of
composites at the same salt amount, we obtain higher
activation energy with ammonium acetate than with
ammonium chloride with values lying around 2 eV;
this indicated higher barrier energy values through
which the charge carrier will hop. We attribute this
result to a crosslinking between the salt and the PVA
chains which is a strong interaction reducing the
mobility of the charge carrier. This interaction is con�
firmed by infrared measurements showing the broaden�
ing of the hydroxyl absorption band. This result is com�
patible with the relative higher values of Tg in
PVA/ammonium acetate which indicated lower mobil�
ity of PVA chains which reduces the ion mobility.

The evolution of the dc conductivity as a function
of salt amount is presented in Fig. 7; it shows that with
NH4Cl the conductivity presented the higher value
with the composite 4%. Contrarily, with NH4CH3CO2
the dc conductivity decreases with the salt amount. In
both composites, the evolution of the dc conductivity
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Fig. 7. Variation of σdc versus salt amount in (1)
PVA/NH4Cl and (2) PVA/NH4CH3CO2 at various tem�
peratures: (3) 25, (4) 40, (5) 73°C.
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goes in the same direction as the evolution of water
uptake.

The retained water constitutes a relevant parameter
for ionic conductivity enhancement. To prove this pre�
sumption, we measured the dc conductivity of films
after immersion in pure water by using the 4�points
method. Results showed an enhancement of the con�
ductivity by many orders of magnitude [20]. For
example, PVA/NH4Cl 8% passed from 9 × 10–8 to
2.7 × 10–3 S/m, PVA/NH4Cl 12% passed from 1.8 ×
10–8 to 2.4 × 10–2 S/m. PVA/NH4CH3CO2 composites
show similar enhancement of conductivity after
hydration. Water retained in the film ensures dissocia�
tion of the salt into its ions and facilitates the exchange

of H+ proton between  ion and H2O. As a con�NH4
+

clusion, salt and retained water amounts are essential
parameters and must be considered together to obtain
higher values of ionic conductivity of PVA/ammo�
nium salt composites.

Dielectric relaxation. We analyze the dielectric
relaxation by using the complex dielectric permittivity
defined by:

(4)

where ε' defines the dispersion factor and ε'' defines
the global loss factor. In general, the global loss factor
is expressed as a sum of three terms [21, 22]:

. (5)

They constitute respectively, dipolar, interfacial
(Maxwell–Wagner) and conduction loss contribu�
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Fig. 9. Angle loss tangent for (a) pure PVA at various temperatures (1) 73, (2) 82, (3) 88, and (4) 100°C; (b) PVA/NH4Cl 4% at
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Fig. 10. Variation of log(fmax) = f(1000/T) corresponding
to electrode polarization for (1) pure PVA, (2)
PVA/NH4Cl 4%, (3) PVA/NH4Cl 8%, (4)
PVA/NH4CH3CO2 4%, (5) PVA/NH4CH3CO2 8% com�
posites (solid lines are fitting curves to Arrhenius law).
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to relaxation for (1) pure PVA, (2) PVA/NH4Cl 4%, (3)
PVA/NH4Cl 12%, (4) PVA/NH4CH3CO2 8%, (5)
PVA/NH4CH3CO2 12% composites (solid lines are fitting
curves to Arrhenius law).

tions. The conduction loss factor  is defined by
[21, 23]:

(6)

To take in account the conductivity and the elec�
trode effects in the dielectric response, it is widely
accepted to fit the experimental data of the global loss
factor in low frequency region to a power law defined
by A/ωn. If the electrode effect is negligible the expo�
nent n becomes close to 1 and A close to σdc. This
term, proportional to the inverse of the frequency,
increases as the frequency decreases. For materials
having significant dc conductivity, this term may cause
the camouflage of eventual dielectric relaxation peaks
expected in the global loss factor curves at low fre�
quencies [21–23].

We present in Figs. 8a, 8b, and 8c ε''(ω) curves
respectively for pure PVA, PVA/NH4Cl 4% and
PVA/NH4CH3CO2 4% at various temperatures. It is
visible that for each temperature, the global loss factor
increases as the frequency decreases. This reflects the
effect of the conduction loss factor , which is
inversely proportional to frequency. When we increase
temperature the loss factor increases. This agrees with
the increase of the dc conductivity with temperature.
The two series of composites show similar behavior.
But we observe lower loss factor values for
PVA/NH4CH3CO2 composite compatible with its low
conductivity.

We present in Figs. 9a, 9b, and 9c experimental

curves of the angle loss tangent defined by: tan(δ) = 

εc''

εc'' σdc/ε0ω=

εc''

ε''
ε'
����

respectively for pure PVA, PVA/NH4Cl 12%
PVA/NH4CH3CO2 12% at various temperatures. ε'
and ε'' are obtained from the dielectric measurement
as the real and the imaginary parts of the permittivity
and represent the dispersion and the global loss factor
terms respectively. We localize 1st relaxation peak
which appears at low frequencies and when we
increase temperature, 2nd relaxation peak appears at
relative higher frequencies. We attribute the 1st peak to
electrode polarization; it is due to accumulation of
charges at the electrode/sample interface. We attribute
the 2nd peak to the alpha relaxation corresponding to
segmental movements of PVA chains. For each of
composites, the relaxation frequency (the frequency
of the peak) which we noted fmax depends on tempera�
ture and depends also on the salt amount in the com�
posite.

We present in Figs. 10 and 11 log(fmax) = f(1000/T)
curves corresponding respectively to sample/electrode
polarization and alpha relaxation for various PVA
composites.

At lower temperatures, the relaxation frequency
(fmax) increases with temperature but when tempera�
ture exceeds 100°C the relaxation frequency
decreases. The fitting of experimental data to the
Arrhenius law gives activation energies which we pre�
sented in Table 2. We found activation energy values in
the order of 1 eV which is compatible with dipole ori�
entation/reorientation processes [21–23]. The relax�
ation frequency of the interfacial mode presents higher
values for the samples having higher values of conduc�
tivity. Keeping in mind that fmax = 1/τ where τ is the
relaxation time, we conclude that faster relaxation
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process is observed in more conductive samples. Con�
cerning alpha process, the relaxation frequency varies
compatibly to the glass transition Tg. When Tg
decreases the relaxation frequency increases i.e. the
increase of PVA chains mobility decreases the corre�
sponding relaxation time.

We adopt the dielectric modulus defined by:

(7)

It is equivalent to M'(ω) =  and M''(ω) =

.

Experimental curves of the imaginary part
M''(ω) for pure PVA, PVA/NH4Cl 4% and

M ω T,( ) 1/ε ω T,( ) M' ω T,( ) iM'' ω T,( )+= =

ε'

ε'2 ε''2+
���������������

ε''

ε'2 ε''2+
���������������

PVA/NH4CH3CO2 4% are presented in Figs. 12a,
12b, and 12c respectively. Curves reveal a relaxation
peak with a relaxation frequency fmax depending on
temperature and also on the salt amount. The repre�
sentation of log(fmax) = f(1000/T) for this relaxation
is in Fig. 13.

Curves are similar in shape to that of log(σdc) =
f(1000/T) and the fitting to the Arrhenius law by using
the same number of points gives activation energies
values close to those obtained for σdc as exposed in
Table 2. We attribute this peak to conductivity relax�
ation consisting in forward/backward hopping of
mobile ions between localization sites randomly dis�
tributed in the bulk. In both series, the variation of the
relaxation time of this mode versus temperature and
versus the salt amount is in good agreement with the

M ''

Frequency, Hz

(c)

10−1

PVA/NH4CH3CO2 4%

104103102101100 105 106

M ''

Frequency, Hz

(a)

10−1

Pure PVA

104103102101100 105 106

M ''

Frequency, Hz

(b)

10−1

PVA/NH4Cl 4%

104103102101100 105 106

Fig. 12. Imaginary part of the dielectric modulus for pure (a) PVA, (b) PVA/NH4Cl 4%, and (c) PVA/NH4CH3CO2 4% at (1) 10,
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conductivity; shorter relaxation times (i.e. higher
relaxation frequencies) are obtained for higher values
of conductivity.

CONCLUSIONS

In this work we prepared composite films of polyvi�
nyl alcohol/ammonium chloride and polyvinyl alco�
hol/ammonium acetate by simple casting aqueous
solution. Results showed that retained water enhanced
the plasticity of the composite and the salt addition
provide a source of protons ensuring the ionic conduc�
tivity and enhances the thermal stability. The electric
conductivity is enhanced by water uptake. The con�
ductivity in alternative regime is frequency indepen�
dent in the low frequency range at low temperatures
and well described by a power law in the high fre�
quency range. By using the dielectric permittivity and
the dielectric modulus we have detected three dielec�
tric relaxation processes attributed to electrode/sam�
ple interface polarization, alpha relaxation and con�
ductivity relaxation.
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Fig. 13. Variation of log(fmax) = f(1000/T) corresponding to
conductivity relaxation for (1) pure PVA, (2) PVA/NH4Cl
4%, (3) PVA/NH4Cl 8%, (4) PVA/NH4CH3CO2 4%,
(5) PVA/NH4CH3CO2 8% composites (solid lines are fit�
ting curves to Arrhenius law).
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