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bstract

Fluorinated polymers are today investigated as possible alternatives to NafionTM in PEM Fuel Cells. In this paper, we study the relationships
etween the microstructure and the proton transport of porous PVDF homopolymer membranes swollen by 11 M aqueous solution of H3PO4. The
nalysis is performed on membranes with different nominal pores size values, dp. The membranes are thermally stable at least up to 250 ◦C. A
ependence of the proton transport on the pores size has been found, that is particularly evident for low dp values and at low relative humidity
R.H.). Conductivity values exceeding 0.1 S cm−1 are obtained at 80 ◦C even at 10% R.H. for dp ≥ 0.22 �m. We show that the behaviour of the
ransport properties cannot be simply rationalized in terms of dp, but it requires an accurate knowledge of the membrane microstructure (tortuosity,
ores interconnections and size distributions). 31P NMR spectroscopy also shows that anisotropic interactions take place between the components

f the solution and at a lower extent, between the solution and the pores walls, also for dp values in the micrometer range. In order to make a
reliminary check of the suitability of these membranes for applications in Direct Methanol Fuel Cells (DMFCs), studies of methanol crossover
nd diffusion through the membrane have been carried out and compared with those of NafionTM.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The search for new proton-conducting membranes as pos-
ible alternatives to NafionTM is rapidly growing. Fluorinated
olymers are particularly appealing because of their chem-
cal and physical affinity with NafionTM [1]. Unfortunately,
uch polymers are hydrophobic in nature and must be chemi-
ally modified, e.g. by means of radiation grafting, in order to
ain hydrophilic properties. Systematic investigations on this
ind of PVDF- and PTFE-based polymers were carried out
ainly by Scherer and co-workers [2–6] and by Sundholm
nd co-workers [7,8]. A bulk of information on synthesis [9],
lectrochemical performances [10–13] and microstructure mod-
fications with respect to the pristine polymers [14,15] is now

∗ Corresponding author. Tel.: +39 0382 987894; fax: +39 0382 987895.
E-mail address: elena.quartarone@unipv.it (E. Quartarone).
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vailable in literature. The topic has been recently reviewed
16].

During the last decade, several studies have shown the suit-
bility of PVDF-based porous films, swollen with lithium-based
rganic liquid electrolytes, as separators in lithium batteries
17,18]. The strengths of these materials are low-cost synthe-
is, good mechanical and chemical resistances, and large liquid
ptakes that give a liquid-like conductivity. Recently, a similar
pproach has been used by Peled et al. [19], and successively
y Scrosati and co-workers [20,21], in order to test PVDF
s a proton-conducting material. The basic idea is to prepare
orous membranes by means of the well proved phase inversion
echnique [22], and to fill them with an aqueous highly con-
entrated acid solution, using for instance H3PO4 or H2SO4.

uite thermally stable membranes with proton conductivity up

o 0.2 S cm−1 at room temperature have been easily obtained,
hose proton transport only slightly depends on the humidity

onditions. However, it should be stressed out that the use of

mailto:elena.quartarone@unipv.it
dx.doi.org/10.1016/j.jpowsour.2007.02.082
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cid-loaded porous membranes in a fuel cell may be flawed
ecause of the lack of strong physico/chemical interactions
etween the host polymer and the electrolyte phase, which
auses liquid leakage. On the other hand, this problem can be
vercome by fabricating (nano)composite systems with passive
r active fillers [23,24], or even by preparing blends with other
olymers [21].

In order to develop efficient strategies for the designing
f new nano-composite materials based on porous polymer
atrices, it is important to have an accurate knowledge of the
embrane microstructure (pore size and pore size distribution,

pen volume, pores interconnections, tortuosity), as well as
f the interactions taking place among the conducting liquid
hase and the pore walls. While phase-inverted porous PVDF
lms with different microstructure and properties can be pre-
ared in the laboratory, a good model system may be given
y commercially available membranes for micro- and ultra-
ltration. In this paper, we report a careful physico-chemical
tudy of the transport properties of porous PVDF commer-
ial membranes swollen by 11 M aqueous solution of H3PO4.
ere, the main advantage is related to the commercial avail-

bility of hydrophilic films which do not need any chemical
odification of their surface of bulk in order to be activated
ith the electrolyte solution. Our chief aim is to correlate the
embranes microstructure with the electrolyte transport prop-

rties, in order to establish a good starting point to develop
trategies for effective liquid confinement. In order to make a
reliminary check of the suitability for application in Direct
ethanol Fuel Cells (DMFCs), studies of methanol crossover

nd diffusion have been carried out and compared with those of
afionTM.

. Experimental

DuraporeTM hydrophilic PVDF membranes (Millipore) of
our different nominal pore sizes, dp = 0.1, 0.22, 0.65 and 5 �m,
ere used as the polymer hosts. The membranes were chem-

cally modified (industrial secret) by the provider in order to
e hydrophilic. The reported nominal porosity and thickness of
he membranes were 70% and 120 �m, respectively. The PVDF
lms were immersed in an aqueous solution of H3PO4 (85 wt%)
or 24 h and gently dried with an absorbing paper before the
easurements. The resulting volume uptakes are reported in
able 2.

The average pore size and the pores distribution of the
s-received membranes were obtained with an Autoprobe CP
icroscope (ThermoMicroscopes-VEECO), operating in tap-

ing mode (TM-AFM), by means of sharpened silicon tip onto
ectangular-shaped cantilevers (resonance frequency, 150 kHz;
orce constant, 5.5 N m−1). For each analysed membrane, scans
f 50 �m × 50 �m and 15 �m × 15 �m have been carried out
ith a scan rate ranging from of 0.5 to 0.7 Hz. A stan-
ard second order flatten processing of the images has been

erformed in order to correct the scanner non-linearity. The
i-dimensional 15 �m × 15 �m images have been analysed
y means of the Jandel® ScanPro 5.0 software. Each photo-
raph was digitized with a resolution of 1024 × 768 pixels, and
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he pores sizes (∼50 objects) were stored in a worksheet in
rder to be plotted as histograms. For more details see Ref.
25].

31P static and Magic Angle Spinning (MAS) NMR spec-
ra were acquired at room temperature with a AMX400WB
pectrometer (Bruker), equipped with a 7 mm MAS probe
Bruker), at the Larmor frequency of 161.98 MHz. A single-
ulse sequence was used with a 90◦ pulse of 4 �s, and a
elay time of 5 s. Twenty-four scans were enough to obtain
good signal-to-noise ratio. The MAS spectra were obtained

t several spinning frequencies in the range from 100 Hz to
kHz.

Scanning Electron Microscopy images of the samples were
aken by means of a variable pressure Scanning Electron Micro-
cope VEGA TS 5136 (Vega-Tescan) using an accelerating
oltage of 10 kV and achieving magnifications ranging from
000 to 14,300.

The DSC measurements were performed with a 2910 MDSC
TA Instruments) by using silver pans, at a rate of 5 ◦C min−1

nder nitrogen purge. TGA scans were also recorded at
◦C min−1 under nitrogen flow with a 2950 TGA (TA Instru-
ents). We also performed isothermal TGA experiments at

0 ◦C and 40% R.H.
The proton conductivity was measured by means of the

mpedance spectroscopy technique, using a frequency response
nalyser (FRA Solartron 1255), connected to an electro-
hemical interface (Solartron 1287), over the frequency range
Hz–1 MHz, by applying a voltage of 100 mV. The membrane
as fixed to a four-points measure cell put in a homemade cli-
atic chamber. The check of the operating conditions (sample

emperature and relative humidity) was performed by means
f a thermo-hygrometric probe (Rotronic AG). The impedance
cans were performed with the following protocols: (i) at room
emperature ranging from 0 to 100% R.H.; (ii) at 80 ◦C rang-
ng from 10 to 50% R.H. and (iii) by varying the temperature
rom room temperature to 70–80 ◦C at the constant moisture
evel of 40% R.H. The films were allowed to equilibrate for
–4 h at each moisture level before the measurements; longer
quilibration times were allowed in some selected cases that
id not show further changes of the conductivity. A rough idea
f the long-term stability under humidity conditions similar to
hose that could be expected in a fuel cell working at low R.H.
as obtained by keeping the 0.22 �m membrane at 80 ◦C and
0% R.H. for 250 h. Conductivity variations lower than 6% were
bserved.

The methanol permeation rate through the membrane was
etermined at 25 ◦C by using a standard split cell. The mem-
ranes (surface area of 4.9 cm2) were vertically placed between
wo sections of identical volume (37 cm3) containing a solution
f methanol 0.2 M and deionized water, respectively. The cell
as magnetically stirred so that methanol can reach the equi-

ibrium on both chambers. Small aliquots of 1 �L were taken at
ifferent times in the water reservoir, and the methanol concen-

ration was measured by means of a gas chromatograph equipped
ith a flame ionization detector (Perkin Elmer Clarus 500). The
ossible dissolution of phosphoric acid in the methanol was not
onsidered.
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. Results and discussions

.1. Microstructural characterization of the membranes
s-received

The nominal pore size, dp, of the DuraporeTM membranes is
efined as the diameter of the largest accessible pore, as deter-
ined by the so-called “bubble point test” [26]. Within this test,

he minimum pressure required to force liquid from the capillary
tructure is directly related to the capillary diameter. However,
he pore size distribution and other topological/microstructural
arameters (tortuosity, pore shape, etc.) are likely more rele-
ant than dp in determining the overall technological properties
f the membrane. Fig. 1 shows, as an example, the SEM pic-
ure of the membrane 0.65 �m. It is easy to observe that the

icrostructure of the film is complex, and hardly interpretable
n terms of the nominal pore size. More detailed information can
e obtained from the micrographs by means of standard image
nalysis techniques.

Fig. 2 shows the AFM pictures of all the membranes, from
hich it is possible to obtain information on the surface rough-

ess, as well as on surface density, shape and interconnections
f the pores. Table 1 reports the values of the surface pore den-
ity, Np, surface porosity, εs, and surface roughness, Rrms (see
ef. [27]). All these parameters display non-linear behaviours

t
F
w
s

Fig. 2. 3D AFM pictures (50 �m ×

able 1
orphological properties of the as-received membranes

embrane, dp t (�m) ε (%) Np (1011 m−2) εs (%) Rrms (�m) fmax (

.1 125 70 1.10 1.63 0.37 25.4

.22 125 70 2.30 13.70 0.20 14.2

.65 125 70 0.70 3.25 0.48 11.6

.0 125 70 0.05 2.35 2.28 6.85

, nominal thickness; ε, nominal porosity; Np, surface pore density by AFM; εs, surfa
alues of Eq. (1); m1, pores size mean; Mi, moments of the distribution (see Eq. (2)).
Fig. 1. SEM picture of the membrane with 0.65 �m nominal pore size.

s a function of dp. In particular the former two, which are
bviously correlated, show maxima for dp = 0.22 �m, whereas

he third one attains a local minimum for the same membrane.
ig. 3 shows the behaviours of the tortuosity, defined as τ = ε/εs,
here ε is the nominal porosity, and of the pore shape factor,

p = 4πAp/P
2
p , that is the ratio between the actual pore area

50 �m) of all the membranes.

%) μ (�m) σ (�m) m1 (�m) M2 (�m2) M3 (�m3)

± 3.7 0.21 ± 0.02 0.55 ± 0.07 0.345 0.07 0.038
± 1.5 0.24 ± 0.02 0.72 ± 0.07 0.64 0.34 0.278
± 1.9 0.29 ± 0.07 1.15 ± 0.25 0.62 0.195 0.175
± 1.0 1.14 ± 0.26 0.92 ± 0.32 1.66 2.66 18

ce porosity by AFM; Rrms, surface roughness by AFM; fmax, μ and σ, best fit
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ig. 3. Behaviour of tortuosity, τ (filled circles), and pores shape factor, sp (open
ircles), vs. dp.

nd the corresponding area of a circle with the same perime-
er. Within these definitions, the tortuosity measures the pores

nterconnections and chiefly the openings at the surface, whereas
he shape factor is related to the pore symmetry. In particular,
p = 1 is obtained for a pore of circular section (spherical or even
ylindrical symmetry). The membrane 0.22 �m is characterized

f

w
a

ig. 4. Histograms of the pores size distributions as obtained by the AFM picture (s
ontinuous lines are the best fits with the log–normal distribution (Eq. (1)).
r Sources 168 (2007) 126–134 129

y a minimum of the tortuosity, and by a maximum of the shape
actor of the surface pores, whose value is near to the unity.
n this basis, this membrane seems the best suited from the
oint of view of the use in a fuel cell. Our tortuosity value of
.1 is nearly double than that reported in Ref. [27] for the same
embrane, which on the other hand, was obtained on smaller

canned areas. We stress that other ways to define the tortuosity
f a membrane are possible [18]. However, also the capability
o retain the liquid phase should be considered for technological
pplications in PEMFCs. This point will be addressed in Section
.5.

Indeed, also the pores size distribution may play a relevant
ole in determining the transport properties of the membrane.
ig. 4 shows the pores size distributions obtained from the AFM
ictures as described in Section 2. The histograms have been best
tted with a standard log–normal distribution function [25]
= fmax e−(ln(x/μ)) /2σ (1)

here fmax is the maximum of f, μ the most probable value of x
nd σ2 is the usual variance. The best-fitting results are reported

ee text); dp, 0.1 �m (A); dp, 0.22 �m (B); dp, 0.65 �m (C); dp, 5 �m (D). The
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Table 2
Volume uptake, transport and diffusion properties of the activated membranes

Membrane dp (�m) T (�m) �Φ (%) εv (%) σ80 ◦C/R.H. = 40% (mS cm−1) Ea (eV) DK (10−6 cm2 s−1)

PVDF 0.1 125 <1 65 80 0.135 ± 0.014 1.8
PVDF 0.22 125 <1 62 120 0.13 ± 0.013 3.4
PVDF 0.65 125 <1 62 100 0.05 ± 0.006 3.7
PVDF 5 121 <1 61 80 0.06 ± 0.005 1.9
NafionTM 117 – 175a 13 45 2.9 – 1.0
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(i) The temperature range of water release seems to be shifted
towards high temperatures by increasing the pores size,
, thickness after immersion; �Φ, swelling; εv, volume uptake (Eq. (3)); σ, io
oefficient.
a From the supplier.

n Table 1, together with the nominal values of some properties
iven by the supplier. The best fits are not satisfactory, most
f all in the case of the membranes with larger pores, because
f the difficulty in reconstructing the histograms. More reliable
nformation can be obtained by re-elaborating the histograms
ata, xi, in terms of normalized moments, Mk, which are usually
efined as

k =
N∑

i=1

pi(xi − m1)k (2)

ere, the pi is the normalized weight of the distribution, and
1 is its mean. Under these assumptions, the moment k = 2 is

he usual variance, and the moment k = 3 is an asymmetry index
f the distribution. The Mk values are reported in Table 1. Both
2 and M3 display a local maximum for dp = 0.22 �m, which
eans that this membrane is characterized by a pores size dis-

ribution wider and more asymmetric than that of dp = 0.1 �m
nd dp = 0.65 �m membranes. Of course, the abovementioned
onclusions are taken under the assumption that the pore size
istribution is uniform across the sample section, which is rea-
onable for symmetric membranes.

.2. The uptake of the acid solution

Table 2 reports the volume uptake of the membranes, calcu-
ated with the following relationship:

v = Vliq

VT
= (wwet − wdry) × ρdry

(wwet − wdry) × ρdry + wdry × ρsol
(3)

here (wwet − wdry) is the weight of the liquid absorbed by the
embrane, ρsol and ρdry are the densities of the aqueous solution

nd of the dried membrane, respectively.
The liquid uptake ranges from 61 to 65%, depending on

he membrane dp, which is in reasonable agreement with the
ominal porosity of 70%. This confirms that the pores are

lmost completely interconnected, and that the acid solution
oes not swell the polymer domains, contrary to what is gener-
lly observed in the case of NafionTM [28]. On the other hand,
his must be expected because PVDF, contrary to NafionTM, has
ot in its structure covalently bonded acid moieties to be solvated
nd also, although to a less extent, because PVDF is normally
ore crystalline than NafionTM itself.

F
s

nductivity; Ea, activation energy for conductivity; D, methanol self-diffusion

.3. Thermal properties

Fig. 5 shows the TGA curves of the as-received PVDF mem-
rane with dp = 0.1 �m (a) and of the H3PO4 85 wt% aqueous
olution (b). As expected, the untreated membrane is stable up to
450 ◦C. The acid solution displays an initial weight loss up to
100 ◦C that is related to the removal of the solution water. The

ollowing monotonic loss, up to ∼500 ◦C can be attributed to the
rogressive condensation of the H3PO4 units to give polyphos-
horic moieties. The further weight decrease above ∼500 ◦C is
ikely due to the evaporation of the condensed units.

The DSC and TGA curves of the activated membranes are
eported in Figs. 6 and 7, respectively. Each DSC curve shows a
road endotherm ranging from room temperature up to ∼130 ◦C,
orresponding to the weight loss recorded in the TGA trace in the
ame temperature range. Between 160 and 180 ◦C all the curves
resent an endothermic DSC peak due the polymer melting. Near
00 ◦C exothermic features appear that are due to the samples
ecomposition, as demonstrated by the weight losses showed by
he TGA signals in the same temperature range. Interestingly,
he membrane with dp = 5 �m shows two exotherms at ∼260 and

300 ◦C that correspond to the two-stages degradation losses
robed by TGA. A careful analysis of the above figures allows
ne to make two other remarks, which may be relevant in order
o understand the interactions between the polymer matrix and
ig. 5. TGA curves of the PVDF membrane (as-received) with 0.1 �m pores
ize (a) and of the H3PO4 85 wt% aqueous solution (b).
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Fig. 6. DSC traces of the PVDF-based membranes activated with the H3PO4

solution, for different pores size; d , 0.1 �m (solid line); 0.22 �m (dash-dot-dot
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Fig. 8 shows the behaviour of the methanol concentration
with time in the case of NafionTM 117 and the PVDF films
p

ine); 0.65 �m (dashed line); 5 �m (dotted line). The inset shows the temperature
f the minimum of the water loss endotherm vs. the pores size (see text).

with the possible exception of dp = 0.65 �m. This fact is
more evident in the DSC traces (see inset of Fig. 6),
and can be rationalized by supposing that the interactions
among the solution molecules are stronger than those among
water and PVDF, inspite of the hydrophilic nature of the
membranes. Therefore, the different extent of the poly-
mer/solution inter-phases, which depends on the pores size,
can justify the shift in temperature. This interpretation is
supported by the solid-state NMR results reported in Section
3.6.

ii) The decomposition temperature recorded for the activated
membranes is much lower than those of the corresponding
as-received ones (see Fig. 5), which means that the inter-
actions of the polymer backbone with the phosphoric acid
are important in promoting the samples degradation. Inter-
estingly, the decomposition temperature of the activated
membranes decreases as the pores size increases (see inset

in Fig. 7). Since these results are based on a dynamic TGA, it
may be just the easier release of the decomposition products
which lead to the observed differences.

ig. 7. TGA curves of the PVDF-based membranes activated with the H3PO4

olution; dp, 0.1 �m (solid line); 0.22 �m (dash-dot-dot line); 0.65 �m (dashed
ine); 5 �m (dotted line). The inset shows the degradation temperature vs. the
ores size (see text).
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Both these facts, in any case, are a first evidence that physico-
hemical interactions take place between the electrolyte solution
nd the polymer strands, and that these interactions somehow
epend on the nominal pores size and/or on microstructural
arameters like tortuosity and pores size distribution. In Section
.5 this aspect will be further investigated from a microscopic
oint of view. Finally, we performed a rough check of the ther-
al stability of the membrane with dp = 0.22 �m at 80 ◦C and

0% R.H. We registered a weight loss lower than 0.5% over 10
ays, which is of the same order of the instrumental drift.

.4. Methanol crossover

The methanol transport across a membrane is generally deter-
ined by assuming molecular diffusion as predicted by Fick’s

aw. In the case of porous media, this phenomenon is further
omplicated by morphological factors like pores structure and
ortuosity. The relationship between the microstructure of the

embrane and the methanol crossover has been developed by
erbrugge, by means of a model that quantitatively simulates

he methanol transport experiments [29]. The methanol perme-
tion across the membrane can be determined by acquiring the
ethanol concentration changes with time in the pure water

eservoir, cB, as per the following linear relationship:

B(t) = A

VBL
DKcA(t − t0) (4)

ere A and L are the membrane area and thickness, respectively,
B the water chamber volume, cA the initial methanol concen-

ration, t0 the “time lag” and D and K are the methanol diffusion
nd partition coefficients. The permeation rate, or permeability,
K, is extracted from the slope of Eq. (4) and reflects the changes

n the diffusion coefficients, in the case of partition coefficients
= 1.
ith dp = 0.1 and 5 �m. The MeOH amount diffused through the
embrane changes quasi-linearly as a function of the time. The

ig. 8. Methanol concentration vs. time at room temperature in the case of
wo imbibed PVDF membranes: with dp = 0.1 �m (filled circles) and dp = 5 �m
filled triangles). The values of NafionTM 117 (open circles), measured in the
ame experimental conditions, are reported for the sake of comparison. The lines
re linear best fits.
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Fig. 9. (A) Proton conductivity at room temperature vs. the relative humid-
ity for the PVDF-based membranes with different dp: 0.1 �m (filled circles),
0.22 �m (filled squares), 0.65 �m (open diamonds) and 5 �m (open triangles).
The conductivity value of the acid solution (open hexagon), measured under
the same experimental conditions, is reported for the sake of comparison. (B)
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Fig. 10. Behaviour of the proton conductivity at room temperature (A) and 80 ◦C
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roton conductivity vs. relative humidity at 80 ◦C for the same samples of (A).
he conductivity values of NafionTM 117 are plotted for the sake of comparison

open circles).

nly significant dispersion is observed in the case of the 5 �m
embrane for t ≤ 10 min. The methanol crossover is slightly

igher for the film with larger pore diameter. However, the pores
iameter does not seem to affect greatly the methanol permeation
ate.

The permeability values of the PVDF membranes are quite
imilar to that one we measured on NafionTM which, in turn, is
n good agreement with that reported in the literature for similar
lm thickness and methanol concentration [30]. This result may
e expected, if we take into account that the methanol crossover
echanism is assisted by the water domains into the pore regions

nd/or in the interconnecting channels of the membrane, where
he methanol solubility is high [28].

.5. The proton conductivity

Fig. 9A and B shows the conductivity behaviour versus
.H.% for all the membranes at room temperature and at
0 ◦C, respectively. At room temperature the proton conduc-
ivity increases with the moisture content from ∼4 × 10−3 to
10−1 S cm−1. In particular, at R.H. = 40% the conductivity of
he membranes with dp ≥ 0.22 �m is well comparable with that
f the acid solution (see caption). At 80 ◦C the influence of both
he moisture level and the nominal pores size on the proton trans-

t
a
i
t

B) as a function of the membrane pore size, dp, at different relative humidity
alues (indicated as percentages in the figures). Some points are obtained by
nterpolation.

ort is less relevant, and values in the range 0.05–0.1 S cm−1 are
lready found for R.H. higher than 10%.

Fig. 10A and B shows the behaviour of the conductivity at
oom temperature and 80 ◦C versus the nominal pores size at
ifferent moisture levels. At both the temperatures, non-linear
ehaviours are observed in the log–log plots. In particular, at
oom temperature the conductivity describes very shallow max-
ma for dp = 0.22–0.65. At 80 ◦C, in contrast, well-pronounced
axima are found at R.H. ≥ 10% for dp = 0.22, i.e. for the mem-

rane characterized by the best values of tortuosity and pores
hape factor (see Fig. 3), and by the largest pores size distribu-
ion (see Table 1). On the other hand, this is in agreement with the
xpected relationships between transport properties and tortuos-
ty in porous media [31]. Our results confirm that, as expected,
he simple choice of the nominal pore size as the relevant param-
ter to state the goodness of a membrane is not satisfactory, and
hat more significant quantities must be searched for. However,
he nominal pore size may retain some importance in order to
llow comparisons among different products and suppliers.

Fig. 11 reports the behaviours of the proton conductivity
ersus the temperature at 40% R.H. In each case the loga-
ithm of the conductivity increases linearly with the temperature.
he Arrhenian activation energies, reported in Table 2, seem
o decrease as dp increases, except for the dp = 5 �m where
slightly higher value is found. This trend can be explained

n terms of a more extended continuity of the liquid phase in
he membranes with higher pores diameters, which enables a
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Fig. 11. Plot of the proton conductivity as a function of the temperature at 40%
R
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all the matrices we studied. The static values increase quasi-
linearly with dp, which confirms that the interactions among
the molecules inside the solution are more relevant than the
solution–polymer ones in determining the line width, in agree-
.H. for the investigated PVDF-based membranes: dp = 0.1 �m (filled circles);
.22 �m (filled squares); 0.65 �m (open diamonds); 5 �m (open triangles).

etter proton displacement. The membrane dp = 0.22 �m shows
he best values of the conductivity nearly all over the explored
emperature region. In conclusion, we confirm that the trans-
ort properties of these membranes are chiefly determined by
icrostructure, and namely by pores shape, interconnections,

nd pores size distributions, rather than simply by the nominal
ores size.

.6. Solid-state NMR characterization of the
atrix–solution interactions

Information on the interactions among the ionic solution and
he polymer cage can be obtained by means of NMR spec-
roscopy [32]. In particular, 31P is a good nuclear probe because
f: (i) its spin, I = 1/2, which allows to extract chemical shift
nformation, and (ii) its high isotopic abundance (100%) and

agnetogyric ratio (γ = 1.08 × 108 rad s−1 T−1) which easily
llow to obtain spectra with good signal-to-noise ratios. In our
ase, the overall static Hamiltonian, HTS, determining the shape
nd width of the spectra can be written as

TS = Hz + HCS + HD + (higher-order terms)

here Hz is the Zeeman term, HCS the anisotropic chemical shift
nd HD is the magnetic dipolar interaction among the phospho-
ous and the other NMR-active nuclei, which in our case are
nly 31P and 1H, since 13C and 17O can be neglected because
f their low isotopic abundance. Fig. 12 shows the static and
AS spectra of the membrane dp = 5 �m. The static spectrum

isplays a full width at half height (FWHH) of ∼345 Hz that is
arrowed to ∼220 Hz under MAS conditions. While the static
ine is already narrowed by spin diffusion, the ∼35% further
arrowing observed under MAS rotation is due to an additional
veraging out of the anisotropic contributions of both HCS and
D. Therefore, we can conclude that, under static conditions,
non-negligible anisotropic interaction takes still place among
ach phosphorus and the other 31P nuclei of the PO4 groups and
he 1H nuclei of both the solution and the pore walls. In other
ords, also for the largest dp we have at disposal, the solution
ehaves like a quasi-confined phase, probably because of the

F
s

ig. 12. Static (upper part) and MAS (lower part) 31P NMR spectra of the
embrane dp = 5 �m.

idth of the pores size distribution which includes pores in the
anometer range.

Fig. 13 shows the static and MAS line width values for
ig. 13. Behaviour of the 31P NMR line width vs. dp for the static and MAS
pectra.
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ent with the DSC results of Fig. 6. The MAS values display a
imilar behaviour, with the notable exception of the membrane
p = 0.22 �m. In this case, in fact, the MAS rotation does not
ause any further narrowing with respect to the static line, so
uggesting that the interactions determining the static line width
re already isotropic in nature (full narrowing regime). This calls
or a high mobility of the ions (in the NMR timescale), in agree-
ent with the observed values of the conductivity, and may be

ut into relation with the low tortuosity and the high shape factor
alues reported in Fig. 3.

. Concluding remarks

In this paper we studied the microstructure, the functional
roperties and the solution–polymer interactions of porous
atrices as model systems for the fuel cells technology.
We showed that the functional properties (thermal stability,

onductivity) are strongly dependent on microstructural param-
ters like tortuosity and pores size distribution, and cannot be
imply rationalized in terms of the maximum available pore size.

Generally speaking, the solution absorbed into these matrices
s not completely free to flow, but must be treated as a partially
onfined liquid also in the case of nominal pore sizes in the
icrometer range. Both the interactions among the various solu-

ion components and among the ions and the polymer strands
re not negligible, and must be taken into account in the design
f nano-composite systems with passive or even active fillers.
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