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bstract

Sulfonated polystyrene-type membranes were synthesized by plasma polymerization of a mixture of styrene and trifluoromethane sulfonic acid
onomers in a low-frequency after-glow discharge plasma reactor. Such a deposition process enables the preservation of the monomers structure,
hich was confirmed by mass spectrometry analysis. The synthesized plasma-polymerized membranes are dense and uniform with a few microns

hickness. Their structure determined by Fourier-transform infra-red spectroscopy and X-ray photoelectron spectroscopy is very rich in sulfonic acid
roups (up to 5%) and stable up to 120 ◦C. Even if their intrinsic proton conductivity is low (10−1 mS cm−1), directly related to their disorganized
nd highly cross-linked structure, plasma-polymerized membranes present a proton conduction ability similar to Nafion® because of their low

hickness. Due to their highly cross-linked structure, these membranes enable a reduction of the methanol crossover in a factor 10 by comparison
ith Nafion®. Thus, the integration of plasma-polymerized films in miniaturized direct methanol fuel cells as proton-exchange membranes seems
romising.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Recently, significant interest has been shown in the devel-
pment of miniature fuel cells for portable devices. Among
he different fuel cells, the polymer electrolyte membrane fuel
ell offers the advantage of a compact device working at low
emperatures. Hydrogen and methanol are the common fuels.
he use of methanol is attractive for portable power sources
ecause of its simple liquid fuel handling, improved safety and
igh energy density by comparison with hydrogen. The direct
ethanol fuel cell (DMFC) usually operates with the commer-

ially available perfluorosulfonate ionomers membrane, such as
afion®, formed of fluorocarboned chains with perfluorinated
ide chains containing sulfonic acid groups. Although Nafion®

embranes are known as good proton-exchange membranes
ith quite high chemical and thermal stabilities, some weak-

∗ Corresponding author. Tel.: +33 4 67 14 91 81; fax: +33 4 67 14 91 19.
E-mail address: Stephanie.Roualdes@iemm.univ-montp2.fr (S. Roualdes).
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esses have been reported, such as material cost, relatively high
embrane thickness, difficult humidity control, weak mechan-

cal property and high methanol crossover. The crossover of
ethanol through the membrane which causes the reduction of

uel utilization efficiencies and cathode performance is a par-
icularly limiting disadvantage. A number of approaches have
een reported for reducing the crossover of methanol, ranging
rom the modification of existing membranes, firstly the Nafion®

surface treatments [1–9], manufacture of composite membranes
10,11]), to the development of new kind of membranes [12–18].
mong all these new membranes, Nafion® coated with a poly-
enzimidazole film has shown the best performance with a
rossover reduced in a factor 2 [18]. Even if the reduction of
rossover has been achieved, the competitiveness of such new
embranes has not been yet demonstrated in DMFC for one of

he following reasons: their conductivity is two low, the con-

act with the electrodes is not properly assured, and their life
ime is not sufficient [14,19–21]. Therefore, the use of mem-
ranes different from Nafion® remains yet limited in DMFCs.
or microfuel cell applications, many studies have been recently
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erformed on the preparation of ionically conductive thin films
y plasma polymerization. Materials prepared by plasma poly-
erization are thin, dense and amorphous three-dimensional
atrices whose microstructural characteristics (morphology,

hemical composition) can be modulated by modifying the main
rocess parameters. Plasma polymers are very attractive mem-
ranes for microfuel cells due to many advantages inherent to
he plasma synthesis technique. The two main advantages are:

micrometric thickness allowing an easy miniaturization and
strong adhesion on electrodes and a very highly cross-linked

tructure which gives them on one hand a very good chemical
nd thermal stability and on the other hand a very low per-
eability to organic liquids. Plasma polymers reported in the

iterature contain sulfonic, carboxylic or phosphoric acid groups
s proton-exchange functions with a high proton permselectivity
22,23]. In general, the intrinsic ionic conductivities of plasma-
olymerized membranes (4.3 × 10−2–0.58 mS cm−1) are lower
han that of Nafion® membranes (10–100 mS cm−1) but their
onduction ability is observed to be competitive due to their low
hickness [24,25]. Due to their highly cross-linked structure,
lasma-polymerized membranes show methanol permeability
uch lower than that of Nafion® membranes [26–28].
In this work, polystyrene-type plasma polymers containing

ulfonic acid groups were prepared by plasma polymeriza-
ion from a gaseous mixture composed of styrene and trifluo-
omethane sulfonic acid (CF3SO3H) monomers. The role of the
tyrene monomer is to constitute the skeleton element of the
arbonated polymer matrix; the role of the CF3SO3H monomer
s to bring the proton conductive functions –SO3

−. A previous
tudy from our group has shown that a post-discharge config-
ration enables to obtain plasma polymers exhibiting higher
ulfonic acid group contents and lower densities (directly related
o higher phenyl-based group contents) by comparison with
lasma materials synthesized in a direct glow discharge con-
guration [29]. Consequently, plasma polymers in this study
ere deposited in an after glow discharge system ensuring a
ood preservation of the monomers structure in polymer mate-
ials. The nature of fragments of monomers in the plasma phase,
hose recombination leads to the formation of plasma polymers,
as investigated using mass spectrometry (MS). Morphology

nd thickness of plasma-polymerized membranes were charac-
erized using scanning electron microscopy (SEM). Chemical
tructure of plasma materials was determined using X-ray pho-
oelectron spectroscopy (XPS) and Fourier-transform infra-red
pectroscopy (FTIR). FTIR was also used to investigate the ther-
al stability of plasma materials. Density of materials was mea-

ured using small angle X-ray reflectometry. The proton con-
uctivity of plasma-polymerized membranes was investigated
y electrochemical impedance spectroscopy and proton trans-
ort number measurement. Measurements of methanol sorption
nd methanol diffusion permeability were performed using a
uartz crystal microbalance and a Hittorf diffusion cell coupled
o infrared spectroscopy, respectively.
The aim of this work is to establish correlations between the
omposition of the plasma phase, the microstructural character-
stics of the synthesized plasma polymers (morphology, density,
hemical structure) and their transport properties (proton con-
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uctivity and methanol permeability) in order to evaluate their
otential as an alternative to Nafion® in DMFCs.

. Experimental

.1. Preparation of plasma-polymerized membranes

Plasma polymers were prepared in a low-frequency capaci-
ively coupled reactor in stainless steel connected to a vacuum
ystem (primary pump Leybold Trivac D40B). The reactor,
epicted in Fig. 1, was in a post-discharge configuration; indeed
he glow discharge was produced in the upper part of the reactor
Pyrex glass tube) whereas the film deposition was performed in
he lower part of it (deposition chamber) where precursors were
ntroduced. A butterfly valve driven by a pressure gauge (Tylan

DC) was placed between the deposition chamber and the vac-
um pump in order to control the total pressure in the reactor. A
iquid nitrogen trap was placed upstream from the vacuum pump
o avoid contamination of the pump oil by unreacted monomers.
he plasma discharge was sustained by a 40 kHz power sup-
ly (Alsatherm) between two external electrodes (5 cm gap) in a
yrex glass tube (upper part of the reactor), using Ar (supplied by
ir Liquide) as working gas. Gas lines allowed introducing the
onomers in the deposition region (lower part of the reactor).
rifluoromethane sulfonic acid (CF3SO3H) and styrene, sup-
lied by Aldrich, were used as monomers without any further
urification. The monomers flow rates were controlled by a gas-
andling system (H2 as carrier gas) due to their high condens-
bility. In order to avoid the polymerization and/or condensation
f monomers on the inner walls of the gas lines, heating wires
ere wrapped around them. The substrate-holder in the deposi-

ion region was polarized in order to make easier the extraction of
r+ ions from the plasma region to the deposition region. The
rocess parameters which were varied were: the input power
upplied by the generator, the total pressure in the deposition
hamber, the polarization value of the substrate-holder and the
onomers flow rates (controlled by the partial pressure values).

n a first step, deposition tests enabled to display optimum values
or the first three parameters: 50 W for the input power, 0.5 mbar
or the reactor total pressure and −10 V for the substrate-holder
olarization. In a second step, these values were fixed and
hree different kind of membranes were synthesized from the
ollowing monomers mixtures: styrene (0.04 mbar)/CF3SO3H
0.04 mbar), styrene (0.04 mbar)/CF3SO3H (0.14 mbar), styrene
0.04 mbar)/CF3SO3H(0.18 mbar). In the following parts
lasma films will be named using the acronym StCFa with St
nd CF indicating styrene and trifluoromethane sulfonic acid
onomers and a being the ratio of the partial pressure of
F3SO3H to the partial pressure of styrene (a is equal to 1,
.5 or 4.5 for the first, second or third mixture, respectively).

The different substrates used to support plasma-polymerized
lms were: standard gas diffusion layers (E-TEK) or silicon
afers (p-doped Si(1 0 0)) for SEM observations, silicon wafers
or microstructural characterizations, silicon wafers covered
ith a thin film of gold for conductivity measurements, PVDF
orous substrates for methanol diffusion measurements and
uartz supports for methanol sorption measurements. It has been
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Fig. 1. Schematic diagram of

reviously shown that the support nature does not affect the
hemical structure of plasma-polymerized films [29].

.2. Mass spectrometry for the characterization of the
lasma phase

MS was used in order to understand the fragmentation pro-
ess of monomers in the plasma-polymerization reactor. In situ
S experiments were performed using a Hiden EQP300 (range

–300 amu, ionization energy 1–70 eV) apparatus attached to a
pecific plasma reactor (Fig. 2). The plasma discharge was sus-

ained between two stainless steel circular electrodes (10.5 cm
iameter, 2 cm gap) by a 40 kHz power supply (Alsatherm) using
r as working gas, with 55 �bar partial pressure. The styrene

nd CF3SO3H monomers were separately introduced in the elec-

d
m
n
p

asma polymerization reactor.

rode gap using H2 as carrier gas. The mass spectrometer’s probe,
ointing the electrodes gaps, can extract species through a 50 �m
rifice by a differential pumping to maintain the pressure in the
ass spectrometer below 10−6 mbar. In order to keep a low pres-

ure in the mass spectrometer, the maximal total pressure in the
eactor was regulated at 200 �bar by a butterfly valve, driven by
pressure gauge (Tylan MDC), independently on the gases flow

ates. The mass spectrometer was used under residual gas anal-
sis (RGA) mode which means that neutral species (molecules
nd radicals) of the plasma phase were extracted by differen-
ial pumping and then ionized (ionization energy: 25 eV) to be

etected. The power supply was first operating with a 100 Hz
odulation (every 10 ms, a 40 kHz signal was applied for 1.2 ms,

o signal was applied for 8.8 ms) in order to obtain a low dissi-
ated power in the range 1.5–7 W. Such power values correspond
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Fig. 2. Experimental set-up for mass spectrome

o soft plasma conditions, such as that supplied in reactors with a
ost-discharge configuration. The operation without any modu-
ation, enabling to obtain a high dissipated power equal to 40 W
such as that supplied in direct glow discharges), was also tested
s a comparison.

.3. Microstructural characterizations of plasma polymers

Thickness and morphology of plasma polymers were deter-
ined from pictures of materials using a scanning electron
icroscope S-4500 Hitachi. The films density was evaluated by

mall-angle X-ray reflectometry measurements using a Siemens
5000 apparatus. FTIR, using a Nicolet Impact 400D spec-

rometer, in the range 4000–400 cm−1 (64 scans with 2 cm−1

esolution) and XPS, using a Cameca Ribber UHV device work-
ng with a MAC2 electron spectrometer, were used to investigate
he films chemical structure. FTIR analysis coupled wilh a tem-
erature cell (Graseby Specac) connected to a primary vacuum
ump was used to determine the thermal stability of plasma
aterials up to 120 ◦C. For this study, the domain 520–400 cm−1

as eliminated because of strong absorbance of temperature cell
indows; the resolution was 1 cm−1. Each analyzed sample was

hermally equilibrated for 30 min under vacuum at each temper-
ture stage (25, 40, 60, 80, 100 and 120 ◦C) before recording the
orresponding FTIR spectrum and then normally cooled down
o room temperature under vacuum.

.4. Conductivity and proton transport number
easurements

Before the conductivity and transport number measurements,
he tested membranes were soaked in a H2SO4 (0.1N) solution
or 24 h at 25 ◦C, then rinsed in pure water and wiped up on both
ides.

Electrochemical impedance spectroscopy for conductivity

easurements was performed in a cell specially designed in our

aboratory to be adapted to not self-supported plasma polymers.
t is a two-compartments cell with four platinum electrodes,
lled with a H2SO4 solution (0.1N); more details relative to

t

e

alysis; HT, high tension; TM, turbomolecular.

he working principle of this cell has been given in a previous
aper by our group [29]. The impedance spectra were recorded
t 25 ◦C, in the frequency range 0.1 Hz–1 MHz, with a Solartron
260 Frequency Response Analyzer connected to a Solartron
287 Electrochemical Interface Potentiostat supplying the dc
ias potential and the ac sinusoidal perturbation. For all exper-
ments, the dc bias potential was maintained at 0 V and the ac
erturbation at 10 mV. The study of impedance spectra on the
igh frequency side enables to determine the resistance (R) of
lasma-polymerized membranes; then their conductivity (σ) can
e calculated [29].

In order to confirm the ability of plasma polymers to con-
uct protons, measurements of proton transport number were
erformed in a Hittorf cell (Fig. 3) at 25 ◦C. The asymmetri-
al Teflon cell is composed of two compartments filled wilh
H2SO4 solution (0.1N), each containing a stirrer and a pla-

inized titanium electrode; the difference of volume between
he anodic compartment (200 mL) and the cathodic one (20 mL)
nables to generate a sufficiently important variation of proton
oncentration. The membrane (plasma polymer deposited on a
VDF substrate) separates both compartments; two Viton seals
re positioned on both sides of the membrane. The apparent
efined area per membrane was 3.14 cm2.

The method to determine the proton transport number
hrough the membrane is based on the variation of acid concen-
ration in the cathodic compartment of the cell after the transport
f a known electrical charge through the system. A current of
0 ± 0.5 mA was applied for 1 h. Only the oxidation of water
n the anodic side and the reduction of proton on the cathodic
ide occur at the electrodes. It was assumed that the cathodic
nd anodic reactions had current efficiencies of 100%.

The proton transport number through the membrane, tH+ , is
efined as the ratio of the current density transported by the
roton, jH+ , to the total current density, j

j +

H+ = H

j
. (1)

Mass balance for protons in the cathodic compartment
nables to express the molar flux of protons through the mem-
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Fig. 3. Hittorf cell for the prot

rane JH+ by:

H+ = (�CH+V )

�t
+ I

F
(2)

here �CH+ is the variation of the molar concentration of pro-
ons in the cathodic compartment, V the volume of the cathodic
ompartment, �t the experiment duration, I the applied current
nd F is the Faraday constant. Then, the transport number of

roton through the membrane is given by:

H+ = �CH+VF

�tI
+ 1. (3)

t
w
0

Fig. 4. Experimental set-up for meth
nsport number measurements.

.5. Methanol sorption measurements

Classical microbalance used for the gas or vapor sorption
easurements could not be used for plasma polymers because

f their low thickness and mass. The variation of the plasma poly-
er mass �MS resulting from the dissolution of methanol into

he plasma polymers was measured using a very sensitive quartz
rystal microbalance MAXTEK TM-400 (sensitivity: 10−9 g)
epicted in Fig. 4. The plasma polymer was deposited on a quartz
ubstrate coated with Au film (diameter of the sample: 14 mm,

hickness: 0.3 mm, frequency: 6 MHz). Sorption measurements
ere performed with methanol absolute pressure equal to 0.03,
.07 and 0.1 mbar at 25 ◦C.

anol sorption measurements.
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The apparatus detects the frequency difference �f of the
iezoelectric crystal which is directly proportional to the varia-
ion of the plasma polymer mass �MS obtained from:

MS = ρqAqtq �f

f
(4)

here ρq, Aq, tq and f are the density (g cm−3), the surface (cm2),
he thickness (cm) and the frequency (s−1) of the piezoelectric
rystal. The methanol sorption capacity of plasma membranes is
uantified by the solubility coefficient S (mol m−3 Pa−1), which
orresponds to the thermodynamic parameter of the transport
nd reflects the methanol–membrane interactions:

= �MS

MMeOHPMeOHAdp
(5)

here �MS is the mass of the dissolved gas (g), MMeOH the
olar mass of methanol (g mol−1), PMeOH the pressure of
ethanol (Pa), and A and dp are the plasma film surface (m2)

nd thickness (m), respectively.

.6. Methanol diffusion permeability measurements

Methanol permeability measurements were realized using
Hittorf type diffusion cell similar to that used for transport

umber measurements (Fig. 3) but without any electrode in
ompartments. The membrane (plasma polymer deposited on
VDF substrate) was clamped between donor and receptor com-
artments with a membrane cross-sectional area of 3.14 cm2

xposed to the solution. The donor and receptor compartments
ere initially filled with 200 mL of 5 or 10% methanol aqueous

olution and 20 mL of water, respectively. The methanol diffu-
ion coefficients were determined from infrared titration of the
olution in the receptor compartment after one hour of dialysis at
5 ◦C. For this purpose, a calibration curve of the absorbance at
015 cm−1 of the C–O stretching vibration of methanol versus
ethanol concentration (0.1–2 vol% CH3OH) was realized.
The flux of methanol J (mol m−2 s−1) through the membrane

s experimentally evaluated from:

= xVRρMeOH

100 MMeOH �tA
(6)

here x is the vol% of methanol in the receptor compartment,
R the volume of the receptor compartment (m3), ρMeOH the
ethanol density (g m−3), MMeOH the molar mass of methanol

g mol−1), �t the experiment duration (s) and A is the membrane
ctive area (m2).

The methanol fluxes deduced from the diffusional profile of
ethanol through the membrane (plasma polymer + PVDF sub-

trate) are given by the following expressions:

= −DPVDF �C1

dPVDF
for the PVDF substrate (7)
nd

= −DP �C2

dP
for the plasma film (8)

t
p
w
m

Sources 158 (2006) 1270–1281 1275

here DPVDF and DP are the methanol diffusion coefficients
f the PVDF substrate and the plasma film, respectively, �C1
nd �C2 are the methanol concentration gradients through the
VDF substrate and the plasma film, respectively, dPVDF and
P are the thickness of the PVDF substrate and the plasma film,
espectively.

A first experiment performed with the virgin PVDF sub-
trate without any plasma film enables to calculate DPVDF
rom the experimental determination of J (Eq. (6)) and the
se of Eq. (7). The experimental determination of J (Eq. (6))
ith a second experiment performed with the global membrane

plasma film + PVDF substrate), the use of Eqs. (7) and (8) and
C = �C1 + �C2, leads to the determination of the methanol

iffusion coefficient (m2 s−1) of the plasma film DP. An intrinsic
dimensional coefficient (noted I.C.) was expressed as the ratio
f the methanol diffusion coefficient of plasma polymer to the
iffusion coefficient of Nafion® N-117 membrane; an absolute
dimensional coefficient (noted A.C.) was expressed as the ratio
f the methanol flux through plasma polymer to the methanol
ux through Nafion® N-117 membrane.

. Results and discussion

.1. Characterization of the plasma phase

The mass spectrum of the styrene vapor without any plasma
s presented in Fig. 5(a). Unfortunately high fragmentations of
he initial monomers occur in the ionization chamber of the mass
pectrometer, even if a low electron impact energy is selected
25 eV) in order to minimize this fragmentation and emphasize
he fragmentation due to electron impacts in the plasma phase.
he main characteristic mass peaks are at m/z = 104 amu, corre-
ponding to the parent C8H8, at 78 amu (recombined C6H6), at
7 amu (phenyl group,•C6H5) and at other lighter masses corre-
ponding to [CMHN]P• radicals typically seen in (un)saturated
inear or cyclic hydrocarbons mass spectra. Fig. 5(b) represents
he CF3SO3H mass spectrum; it also shows that strong frag-
entations and recombinations occur in the mass spectrometer.
ig. 6 depicts the mass spectrum of the styrene/CF3SO3H gas
ixture (1/6 partial pressures ratio). The aspect is close to that

f the styrene mass spectrum except for the peaks at m/z = 57, 69
nd 91 amu, corresponding to radicals formed by the recombi-
ation of the initial fragments. This reflects the catalysis effect
f the sulfonic acid on the styrene polymerization. In order
o study the fragmentation process of the monomers mixture
tyrene/CF3SO3H (1/6 partial pressures ratio) subjected to Ar
lasma, the mass spectrometry analysis was performed during
he introduction of these monomers in the discharge volume,
n the one hand without any plasma in the reactor chamber
plasma “OFF”), on the other hand with a plasma in the reac-
or chamber (plasma “ON”). The results relative to dissipated
owers equal to 7 and 40 W are presented in Fig. 7. For a bet-
er visualization of the plasma effect, the difference between

he plasma “OFF” and the plasma “ON” spectra has been dis-
layed. Small masses have positive values on the intensity axis,
hile high masses have negative values, proving that the frag-
entation rate of monomers is higher in the presence of plasma.
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Fig. 5. Mass spectra of

nly fragments relative to styrene and argon can be observed.
t seems that CF3SO3H could not be transported to the mass
pectrometer’s probe in the presence of argon certainly due to
he high condensability of CF3SO3H when compared to argon.

ith increasing the dissipated power in the discharge from 7 to
0 W, the fragmentation degree increases, notably leading to the
isappearance of phenyl ring-based fragments (78 and 104 amu)
oming from styrene at 40 W. This result confirms the choice of
post-discharge configuration (enabling low dissipated powers)

or the plasma polymerization of our monomers mixture, whose
tructure has to be as preserved as possible during the synthesis
rocess.

.2. Morphology and chemical structure of plasma
olymers

.2.1. Morphology and density
From a previous work, it has been shown that StCF1 and
tCF3.5 plasma polymers are uniform, flat, free from defects
nd strongly adherent on every kind of substrate [29]. Similar
haracteristics can be observed for StCF4.5 film; the SEM pic-
ures of this film deposited on a silicon wafer and an E-TEK

ig. 6. Mass spectrum of styrene/CF3SO3H gas mixture (1/6 partial pressures
atio).
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e (a) and CF3S03H (b).

upport are shown in Fig. 8. Thus, the morphologic properties
f the plasma polymers obtained are independent on the partial
ressure of CF3SO3H during the deposition process.

The densities of StCF1, StCF3.5 and StCF4.5 films deter-
ined from small-angle X-ray reflectometry measurements are

qual to 1.4, 1.3 and 1.3 g cm−3, respectively. Comparatively,
he density of conventional polystyrene is 1.05 g cm−3, this of
onventional sulfonated polystyrene with Li+ as counter ion is
.17 g cm−3. The much higher density values of plasma poly-
ers are directly dependent on the high degree of cross-linking

haracteristic of this kind of materials. Nevertheless, the mea-
ured density values are relatively low by comparison with the
ajority of plasma-polymerized materials. This data reveals that

lasma polymers synthesized from CF3SO3H and styrene have a
elatively “airy” structure certainly due to the presence of phenyl
ings coming from styrene (as has been shown in our previous
aper [29]) and playing the role of chains spacers in polymers.

.2.2. FTIR analysis
Fig. 9 shows the FTIR spectra of StCF1, StCF3.5 and StCF4.5

lms recorded at 25 ◦C. The assignment of the bands relative to
tCF1 and StCF3.5 films has already been reported in our pre-
ious paper [29]. A very similar assignment can be made for the
pectrum of the StCF4.5 film. Spectra of plasma polymers show
wo different kinds of bands. The first kind of bands is relative
o chemical bonds coming from the fragmentation of styrene
nd constituting the network of the polymer matrix: signature of
henyl rings at 3060, 3080, 1600, 1490, 759 and 699 cm−1, sig-
ature of aliphatic carbonated chains at 2960, 2927, 2844, 1450,
370 and 1030 cm−1. As for he StCF3.5 film [29], a further band
t 841 cm−1 assignable to CH out-of-plane vibration of para-
isubstituted benzene appears in the spectrum of the StCF4.5
lm; in the conventional sulfonated polystyrene this absorbance
and indicates that sulfonation occurs in the para position of
enzene rings [30,31]. The second kind of bands, concentrated
n the region 1420–1030 cm−1, is relative to chemical bonds
haracteristic of sulfonated or fluorinated groups, coming from

he fragmentation of trifluoromethane sulfonic acid.

In accordance with mass spectrometry observations, these
TIR data prove the high preservation of the monomers struc-

ure in plasma polymers, for monomers subjected to a slightly
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ig. 7. Effect of an Ar plasma on the fragmentation of a styrene/CF3SO3H gas

owerful discharge as it is the case in a post-discharge configu-
ation.

The comparison of bands intensities on FTIR spectra of

lasma polymers shows that the StCF3.5 film is the one show-
ng the highest relative intensities for bands relative to sulfonated
roups when compared to relative intensities of bands relative to
henyl rings. The XPS analysis should enable to confirm that the

a
i
u
a

Fig. 8. Scanning electron micrographs of the StCF4.5 film depo
re (1/6 partial pressures ratio). Dissipated power equal to (a) 7 W and (b) 40 W.

tCF3.5 film is precisely the film having the highest proportion
f sulfonic acid groups.

Fig. 10 shows the FTIR spectra of the StCF4.5 film at 25 ◦C,

t the maximum temperature of the thermal treatment described
n Section 2.3 (120 ◦C) and lastly at 25 ◦C after normal cooling
nder vacuum. One cannot observe major changes in position
nd intensity of bands relative to aliphatic or aromatic carbon-

sited on a E-TEK support (a) and on a silicon wafer (b).
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Fig. 9. FTIR spectra of plasma polymers: (a) StCF1 (thickness: 1.1 �m), (b)
StCF3.5 (thickness: 1.4 �m) and (c) StCF4.5 (thickness: 1 �m).
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ig. 10. FTIR spectra of the StCF4.5 film at the beginning (25 ◦C), top value
120 ◦C) and end (after cooling down to 25 ◦C) of the temperature treatment.

ted chains, which proves that no thermal degradation in the
lasma polymer structure takes place up to 120 ◦C. Nevertheless,

−1
he broad band in the region 1420–1030 cm , notably compris-
ng contributions from –SO3

− stretching vibrations, has a strong
volution with temperature increasing as can be more precisely
bserved in Fig. 11. The sulfonate anion SO3

− is a highly polar-

a
s
p

Fig. 11. FTIR spectra of the StCF45 film in the range
Sources 158 (2006) 1270–1281

zable group, being very sensitive to its environment [32]. The
osition and intensity of its stretching vibrations can give infor-
ation on local symmetry of this anion and types of interactions

n which this anion is implicated. Two different kinds of local
ymmetry can be distinguished. The C3v local symmetry (sym-
etric stretching vibration at 1030 cm−1, asymmetric stretching

ibration at 1200 cm−1) is relative to “free” –SO3
− groups; in

his case, the negative charge is uniformly distributed among all
O bonds and consequently the –SO3

− has a regulate pyrami-
al structure. The Cs local symmetry is relative to “associated”
SO3

− groups, attached to counter-ions (–SO3
−, A+) or impli-

ated in covalent bonds (–SO2OR). In the case of attachment to
counter-ion, the symmetric stretching vibration of –SO3

− is
epresented by an absorption band at 1057 or 1088 cm−1 depend-
ng on the kind of counter-ion attached, while the asymmetric
tretching vibration appears on the form of two absorption bands
t 1188 and 1244 cm−1. In the case of implication in –SO2OR
roups, a band relative to asymmetric SO2 stretching vibration
an be found at 1415 cm−1. One can observe in Fig. 11 that
t room temperature, there are six absorption bands relative to
SO3

− stretching vibrations, corresponding to “free” –SO3
−

roups (1030 and 1200 cm−1), –SO3
−, A+ groups (1057, 1188

nd 1244 cm−1) and –SO2OR groups (1415 cm−1). With tem-
erature increasing: the band at 1030 cm−1 decreases, the band
t 1200 cm−1 splits, bands at 1188 and 1244 cm−1 increase
nd a new band arises at 1088 cm−1. Theses evolutions can be
xplained by the following simultaneous phenomena: change of
free” –SO3

− groups in –SO3
−, A+ groups, change of –SO3

−,
+ groups in “free” –SO3

− groups or change of the type of A+

with stronger electrostatic field than those present at 25 ◦C) in
SO3

−, A+ groups. After cooling down to 25 ◦C, the band at
088 cm−1 disappears, which proves the semi-reversibility of
he temperature effect. All these observations suggest that the
emperature effect on the plasma polymers structure corresponds
o some ionic rearrangements of sulfonate anions with the aim of
lways finding the minimal energy of interaction with the poly-
er matrix environment and/or the associated counter-ions.

.2.3. XPS analysis

S2p, spectra of StCF1, StCF3.5, StCF4.5 plasma polymers

nd Nafion® N-117 were studied to investigate the chemical
tate of sulfur in materials structure. As has been shown in our
revious paper [29], the S2p spectra of plasma polymers can

600–1500 cm−1 as a function of temperature.
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lms (percentage of total sulfur). Comparison with Nafion® N-117.

e deconvolved into four components: 170 and 169 eV both
ssigned to sulfonic acid groups, 166 and 164.5 eV assigned
o groups of lower oxidation states (essentially sulfone groups).
ig. 12 shows the percentage of total sulfur incorporated as sul-
onic acid and other sulfur-based groups in StCF1, StCF3.5 and
tCF4.5 films, deduced from the peak area values; comparison

s made with Nafion® membrane. With identical partial pres-
ures of CF3SO3H and styrene in the monomers mixture (StCF1
lm), 100% of the total sulfur is present as sulfur-based groups
ifferent from sulfonic acid ones. In contrast, the StCF3.5 film
ontains the highest proportion of sulfonic acid groups (71%
f total sulfur). For the StCF4.5 film, synthesized from the
onomers mixture characterized by the highest CF3SO3H con-

entration, only 32% of total sulfur is present as sulfonic acid
roups. Consequently, the atomic percentage of sulfonic acid
roups related to the total atom quantity is 0% pour the StCF1
lm and the highest one, 5.0%, for the StCF3.5 film. When

he quantity of CF3SO3H introduced in the reactor is maxi-
um (StCF4.5 film), the sulfonic acid content is only 2.3%.
he comparison between the three films reveals that increas-

ng the proportion of CF3SO3H in the monomers mixture do
ot systematically increase the sulfonic acid content in plasma
olymers. The comparison with Nafion® N-117 (sulfonic acid
roups content: 1.1%) makes suppose that good proton conduc-
ivities for StCF3.5 and StCF4.5 films can be expected, more
articularly for the first one.

.3. Proton transport properties of plasma polymers

The transport numbers of proton through StCF3.5 and
tCF4.5 plasma polymers, equal to 0.836 and 0.841 respectively,
re similar and relatively high. This result is the proof that both
lasma polymers are good proton conductors. The StCF3.5 film,

hich contains the highest sulfonic acid content, logically shows

he highest intrinsic conductivity: 9.8 × 10−2 mS cm−1 [29].
he low proton conduction capacity of plasma-polymerized
embranes when compared to Nafion® N-117 (9.6 mS cm−1 in

s
v
a
s

ig. 13. Arrhenius plot of proton conductivity of the StCF3.5 film as a function
f temperature.

he same experimental cell) is mainly due to their low swelling
irectly related to their high cross-linking degree. Although not
ery conductive, these membranes exhibit specific resistances
imilar (2 � cm2 for 2 �m thick films) and even lower (1 � cm2

or 1 �m thick films) than Nafion® (1.9 � cm2) because of
heir adjustable low thickness. Fig. 13 presents the tempera-
ure dependence of the conductivity for the StCF3.5 plasma-
olymerized membrane (temperature range between 25 and
0 ◦C). The natural logarithms of measured conductivity val-
es as a function of temperature values were fitted with an
rrhenius-type equation:

= σ0 exp

(−Ea

RT

)
(9)

here σ is the proton conductivity (mS cm−1), σ0 the preexpo-
ential factor (mS cm−1), Ea the activation energy for proton
onduction (J mol−1), R the pure gas constant and T is the
emperature (K). According to the Hopping model [33], the pre-
xponential factor σ0 depends on the carrier concentration, the
ctivation entropy �S and the hopping frequency ν0 between
ites separated by the distance d:

0 =
(

z2F2αν0d
2

R

)
exp

(
�S

R

)
(10)

here z is the number of electrons changed in reaction, F the
araday constant, R the pure gas constant and α is the reciprocal
f the number of every likely hopping direction.

It seems interesting to investigate the proton conduction
echanism in plasma polymers. Generally, two different kinds

f proton conduction mechanism are distinguished in polymer
embranes: the Grotthus mechanism (that assumes that the pro-

on jumps from the lone pair of electrons of a water molecule to
he lone pair of electrons of a neighboring water molecule, with

uccessive formations and deformations of H3O+ ions) and the
ehicle mechanism (that assumes that the proton combines with
water molecule to form H3O+ which is transported by diffu-

ion through the material). Well hydrated polymers are expected
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Table 1
Methanol permeability properties of plasma polymers (comparison with Nafion® N-117)

Thickness (�m) Density (g cm−3) Initial concentration in
the donor compartment
(vol% MeOH)

Methanol diffusion
coefficient (m2 s−1)

I.C. Methanol flux (mol m−2 s−1) A.C.

Nafion® 185 – 5 1.37 × 10−10 1 0.91 × 10−3 1
10 1.36 × 10−10 1 1.81 × 10−3 1

StCF1 0.24 1.4 5 1.85 × 10−13 1.35 × 10−3 0.95 × 10−3 1.04
10 2.21 × 10−13 1.63 × 10−3 2.28 × 10−3 1.26

StCF3.5 0.22 1.3 5 2.06 × 10−13 1.50 × 10−3 1.15 × 10−3 1.26
10 2.30 × 10−13 1.69 × 10−3 2.58 × 10−3 1.43

S 3
4

t
m
a
w
[
w
b
p
p
p
n
S
l
d
f
p
e
d
b

3

3

p
p
c
p
w

s
S
t
d
a
fi
w
fi
t
T
a
p

3

p
o
m
a
c
c
m
t
d
c
s
t
a
b
a
p
p
t
b
t
o
b
f

p
t
i
i

t
o
z
t

4

tCF4.5 0.38 1.3 5
10

o conduct by the Grotthus mechanism because the Grotthus
echanism requires close proximity of water molecules which

re firmly held but able to rotate; polymers with less amount of
ater would be expected to conduct by the vehicle mechanism

34]. In Nafion® is suggested that both mechanisms co-exist,
ith a predominance of the Grotthus mechanism characterized
y an activation energy around 10–40 kJ mol−1 [35–40]. Also in
lasma polymers, the Grotthus mechanism can be considered as
redominant; indeed the highly cross-linked structure of plasma
olymers is certainly very unfavorable to the vehicle mecha-
ism. The activation energy (Ea) for proton conduction of the
tCF3.5 plasma-polymerized membrane, calculated from the

inear least-square fits to the experimental temperature depen-
ence of conductivity (Fig. 13), is equal to 4.54 kJ mol−1. The
act that the energy barrier for proton conduction is lower for
lasma polymers than for Nafion® could be explained by an
asier structural reorganization under the effect of temperature,
ue to the existence of more electrostatic driving forces, as has
een evidenced by FTIR analysis.

.4. Methanol transport properties of plasma polymers

.4.1. Methanol sorption
In order to determine the solubility mechanism in plasma

olymers, measurements were realized at different methanol
ressures. It was observed a linear relationship between the con-
entrations of gas dissolved in the plasma polymer and the gas
ressure inside the chamber; this indicates a pseudo-Henry law
hich is currently the case for gas or polar vapor.
The solubility coefficients S measured at a methanol pres-

ure of 0.1 bar are 0.1, 0.21 and 0.14 mol m−3 Pa−1 for StCF1,
tCF3.5 and StCF4.5 membranes, respectively. We can observe

hat the solubility coefficients of the plasma polymers are
irectly linked to the sulfonic acid contents determined by XPS
nalysis (0%, 5.0% and 2.3% for StCF1, StCF3.5 and StCF4.5
lms, respectively). This results from the affinity of methanol
ith the polar groups –SO3

− present in the plasma-polymerized
lms. Thus, the film showing the lowest methanol solubility is
he film showing the lowest sulfonic acid content (StCF1 film).
he same kind of dependence between the sulfonic acid content
nd the methanol solubility coefficient was observed at methanol
ressures of 0.03 and 0.07 bar.

b
s
l

.65 × 10−13 2.66 × 10−3 1.18 × 10−3 1.30

.51 × 10−13 3.32 × 10−3 2.93 × 10−3 1.62

.4.2. Methanol diffusion permeability
In Table 1 are reported the diffusion coefficients (intrinsic

roperty of material), the methanol fluxes (extrinsic property
f material) and the I.C. and A.C. coefficients of plasma poly-
ers and Nafion® N-117. The thickness and density of materials

re also listed in this table. The methanol fluxes and diffusion
oefficients are slightly different depending on the initial con-
entration of methanol in the donor compartment for a same
aterial. This is related to the underestimation of such parame-

ers (all the more pronounced as the initial concentration is low)
ue to the decrease of the methanol concentration in the donor
ompartment as the diffusion test is going on. Results in Table 1
how that plasma polymers are intrinsically much less permeable
o methanol than the Nafion® membrane; the I.C. coefficients
re between 1.35 × 10−3 and 3.32 × 10−3. This can be explained
y the highly cross-linked structure of plasma polymers. From
n absolute point of view, the tested plasma polymers which are
articularly thin due to the specific nature of the PVDF sup-
ort show methanol fluxes slightly higher than that of Nafion®;
he A.C. coefficients are between 1.04 and 1.62. Nevertheless,
y increasing the deposition duration, it is possible to deposit
hicker plasma films showing lower methanol fluxes than that
f Nafion®. The use of 2 �m thick plasma-polymerized mem-
ranes could induce a reduction of the methanol crossover in
actors 7–11.

The plasma-polymerized film showing the lowest methanol
ermeability (the lowest retention coefficient) is the film with
he highest density (StCF1 film). It is well known that the higher
s a material cross-linked; the lower is the gas or vapor mobility
n this material.

From the methanol transport results, it can be concluded that
he StCF1 film shows the best barrier effect to methanol because
f its higher density (1.4) and its sulfonic acid content equal to
ero. For the same reasons, it’s also the film characterized by
he lowest conductivity.

. Conclusion
Proton-exchange sulfonated polystyrene-type mem-
ranes were synthesized by plasma polymerization of a
tyrene/trifluoromethane sulfonic acid monomers mixture in a
ow-frequency after-glow discharge process. Mass spectrometry
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nalysis enabled to show that low discharge power values are
equired to preserve the monomers structure and consequently
o incorporate a lot of phenyl rings and sulfonic acid groups
n plasma polymers, likely to favor the ionic conduction.
uch low discharge power values are easy to obtain with an
fter-glow discharge process, such as that used in this study.
he synthesized plasma-polymerized membranes are dense
nd uniform with a few microns thickness. Their structure
etermined by FTIR and XPS analyses is stable up to 120 ◦C; it
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nd containing a proportion of proton-exchanger sulfonic acid
roups (up to 5%) higher than Nafion® N-117 in optimized
ynthesis conditions. In spite of high sulfonic acid groups
ontent, plasma-polymerized membranes are intrinsically
ess conductive (10−1 S cm−1) than Nafion® N-117 due to
heir disorganized and highly cross-linked structure. Although
ot very conductive, these membranes yet exhibit specific
esistances (around 2 � cm2 for 2 �m thick films) similar to
afion® N-117 (1.9 � cm2) because of their low thickness. Due

o their highly cross-linked structure, these membranes show
ermeability to methanol around 1000 times lower than that of
afion® N-117; the use of 2 �m thick plasma membranes can

nduce a reduction of the methanol crossover in a factor 10 by
omparison with Nafion® N-117.
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n miniaturized fuel cells (especially DMFCs): high compacity,
igh chemical and thermal stability, satisfying protonic conduc-
ion level and very low permeability to methanol. Moreover,
heir manufacture cost is rather low. From now on, it is possible
o envisage the integration of such membranes in an “all solid”
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