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Abstract

The local concentration gradients of water and methanol within a Nafion® membrane are measured with a new microfluidic cell specially
designed for depth measurement by confocal micro-Raman spectroscopy. The experimental concentration profiles of solvents, obtained in situ
under cross-transport conditions, are fitted taking into account the contribution of the experimental set-up to the Raman response. This method
allows to measure the concentration ratios of methanol and water at the solution—-membrane interface as well as the real concentration gradients of
these solvents within the membrane medium. These parameters are critical for a better understanding of membrane transport properties and cannot
be directly measured by other techniques. Indeed, results here reported show that internal gradients differ from those that can be estimated from

methods measuring external concentrations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
attracted increasing interest as promising candidates for the next
generation of environmentally compatible powers sources for
portable electrical devices and electrical vehicles. The heart of
any fuel cell is the electrolyte and the perfluorosulfonic ion
exchange material Nafion® remains the separator material of
choice in PEMFCs. This component mediates the electrochem-
ical reaction occurring at the electrodes through conducting
protons whilst blocking the transfer of electrons and reactants.
Ideally, ionic transport through the membrane must be fast and
highly selective but these two properties are frequently at odds
with each other.

It is generally accepted that acidic polymers like Nafion®
exhibit microphase heterogeneity and that proton transport
occurs within a system of hydrated and connected hydrophilic
pores (channels) [1-3]. Nafion® is generated by copolymeri-
sation of a polar perfluorinated vinyl ether comonomer with
non-polar tetrafluoroethylene, resulting in the chemical struc-
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Thus, this material combines the high hydrophobicity of the
fluorinated backbone with the high hydrophilicity of the sul-
fonic acid functional groups. The sulfonic groups aggregate to
form ionic clusters that are solvated upon absorption of water or
other polar liquids like methanol, the last used as fuel (instead
of H») in the direct methanol fuel cells, DMFCs. This leads to a
solid-liquid phase separation at the nanometer scale. The inter-
penetration of hydrophobic and confined hydrophilic domains
gives a heterogeneous medium that exhibits complex transport
properties and namely the marked dependence of the proton
conductivity on solvent (water and methanol) content.

Efficiency of Nafion® as electrolyte for PEMFCs decreases
considerably if higher temperatures and/or fuels different from
pure H are used. Proton mobility relies on initial solvation
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or hydration of the sulfonic acid groups followed by trans-
port via vehicular diffusion, i.e. as H3O" [3]. In the range of
hydration found in the membrane working in the fuel cell,
A=2-14 (where A =[H;0]/[-SO3H]), the specific conductiv-
ity of Nafion® increases nearly an order of magnitude as the
water content increases [4]. High ionic conductivity (typi-
cally, 0 >5x 1072 Scm™! at 300K) is only obtained at high
degrees of hydration (A > 10) [3]. Thus, at high temperatures
(T'> 365 K), the amount of water produced by the electrochem-
ical reduction of the oxygen at the cathode becomes insufficient
and further water must be supplied to the electrolyte through
humidification of the feed gases.

Another serious problem relevant for the use of such a
membrane is the elevated permeability to organic solvents.
The Nafion® conductivity is observed to decrease when the
membrane is solvated with methanol [3]. Further, methanol
cross-over in DMFCs leads to chemical short-circuiting, i.e.,
parasitic chemical oxidation of methanol at the cathode that
strongly decreases the fuel cell performances. As far as we know,
even if several studies about the Nafion® absorption proper-
ties of various electrolytic solutions and organic solvents have
been published (see for example [2,5-9]), the coupling of water
and methanol migration processes has not been studied explic-
itly. Molecular dynamics simulation studies [ 10—12] suggest that
transport properties in mixed solvent systems in the phase segre-
gated Nafion® cannot be predicted from measurements carried
out with the individual solvents. Non-aqueous species as low
alcohols interact with both the hydrophilic and hydrophobic
polymer phase, i.e. the perfluoroether side chain and the flu-
orocarbon backbone. Thus, mixed solvent permeation gives rise
to competitive interaction of water and organic molecules and
involves different absorptions sites. The morphological proper-
ties of the swollen polymer and, more particularly, the nanophase
segregation structure determining the percolation path of the H*
charge carrier are expected to be considerably affected.

Experimental methods allowing quantitative determination
of water and methanol cross-diffusion profiles are needed in
order to improve understanding of relationship existing between
the transport properties of Nafion® and the membrane perfor-
mances as solid electrolyte. In particular, the passage from
transient to steady-state regimes, as a function of the varying
working conditions of a fuel cell, presents a high interest.

Confocal micro-Raman spectroscopy is a sensitive, non-
invasive and non-destructive technique that can be used to
directly measure chemical contents in transparent films. Several
studies have evidenced that confocal Raman spectroscopy is an
excellent tool for probing bulk spatial variations in multiphase
polymer materials [13—-16] as well as surface heterogeneities
[9,17-22]. Recently, in situ micro-Raman spectroscopy has been
successfully employed to characterize the transient concentra-
tion profiles of pharmacologically relevant molecules [23] as
well as of inorganic anions like S042~ or NO3~ [24] diffus-
ing inside polymer membranes used for dialysis applications.
Besides, Matic et al. [25] reported in situ micro-Raman mea-
surements of water on a working Nafion® membrane in an
electrochemical cell. Scharfer et al. [26] obtained depth concen-
tration profiles of water—methanol mixtures diffusing through

Nafion® by means of the same technique. It is worth of noting
that none of these authors has taken into account the contribu-
tion of the experimental set-up to the Raman response, which
is certainly significant as far as high solvent concentrations and
interface concentration gaps are concerned [27].

In the work presented here, the method of the confocal
micro-Raman spectroscopy is used to investigate the crossed
interdiffusion of methanol and water in Nafion®. A microfluidic
cell has been specially designed such that investigation can be
done in situ, under dynamic transport conditions. In order to gain
maximum information about true concentrations profiles of sol-
vents progressing into the membrane thickness, enhancement
of the concentration profile imaging is carried out by taking
into account the experimental spreading function of the opti-
cal set-up. First results here reported, obtained by means of
an experimental set-up reproducing highly idealized conditions
as compared to the real fuel cell environment, demonstrate the
feasibility of in situ accurate measurements of concentrations
gradients and attest the great potential of this method for future
studies of issues related to the polymer electrolyte membrane
working in a fuel cell.

2. Experimental
2.1. Material

This study is carried out with a Nafion® 112 membrane from
Du Pont de Nemours (equivalent weight 1100 geq ™!, dry thick-
ness 50 wm). Nafion® is pretreated using a common procedure
consisting of 1'h in 0.1 mol1~! HCl solution, 1h in 0.1 mol1~!
NaOH solution and 1h in 0.1 mol1~! NaCl solution at room
temperature. Then the sample is treated during 1 h in deminer-
alised water (18.2MS), at 353K, and finally equilibrated in
0.1 mol 1~! HCl solution during 24 h.

2.2. Experimental cell

A specific Kel-f® microfluidic cell (Fig. 1) has been devel-
oped which allows the study of molecules and solvents migration
within ion exchange membranes, through the acquisition of
Raman spectra during the dynamic transport. The membrane
is placed horizontally in the cell, i.e., the surface of the sam-
ple is perpendicular to the laser beam optical axis direction.
The membrane is clipped between two 100 pm thick joints,
each comprising a micro-channel for the water/methanol solu-
tion circulation with a 2000 pwm x 100 wm section. The contact
area between the sample and the solutions is 2.25 mm?2, at both
the upper and the lower sides. Under operation, the channel 1
contains a water—methanol mixture while pure water flows in
channel 2. Thus, in our experiments which consist in varying
the alcohol amount of the mixture, the transfer force of water
and methanol trough the Nafion® is the concentration gradi-
ent. Circulation in the cell is carried out by depression between
the inlet and the outlet, such as flow rate ~2 x 1073 1min~—!.
This depression, identical in the two channels and constant dur-
ing an experiment, is ensured by lenght gauged microcapillaries
of knonw section dispose downstream in the outlet. The ratio
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Fig. 1. Schematic sketch of the microfluidic cell designed for in situ Raman microscopy.

between the water—-methanol mass flow in the channels (tan-
gential to the membrane) and through the Nafion® active area
(normal to the membrane surface) is considerably higher than
for usual DMFCs operating conditions. The larger part of the
solvent getting through the inlet is recovered at the outlet. This
allows the constant renewal of the solvent at the membrane inter-
face, as to assure that the measured concentration profiles only
depend on transport limitation through the polymer.

2.3. Raman spectroscopy measurements

Raman spectra are obtained by excitation with 632.82 nm
radiation from a He-Ne laser operating at about 17 mW
(~12mW on the sample). The spectra are recorded at 298 K,
witha LABRAM 1B confocal Raman spectrometer (Jobin-Yvon
S.A., Horiba, France) equipped with a charge coupled device
(CCD) detector cooled by a double Peltier effect. The spectral
resolution is 6 cm ™!,

The spectrometer is coupled with the experimental cell by
a 60x Olympus, water immersion objective (ULSAPO 60x
W) recovering the backscattered light. The in-depth resolution
of the objective, as estimated under the experimental condi-
tions applied in this study, is 7 &= 1 wm. The microfluidic cell is
mounted on an automatic positioning device that allows record-
ing Raman spectra at different depths in the membrane and, thus,
real-time measuring of the local concentration profiles of per-
meating solvents under crossing-transport conditions. The scan
step used in this study is 1.25 pum. The volume of the sample
probed by the focalised laser beam at each step of the Raman
cartography is 14 wm?>.

3. Results and discussion

Usually, the Raman signal is proportional to the concen-
tration (I=kc). In our case, i.e. mixture of polar liquids with
strong mutual interactions, k varies with the amount of methanol
and a calibration curve (not reported for the sake of brevity) is
needed. By this way, micro-Raman spectroscopy can be used for
quantitative analysis of the concentration profiles of the species
diffusing through the membrane. Fig. 2 shows a typical set of
Raman spectra measured along a line of 125 wm transversing
the cross of the solution 1/membrane/solution 2 system. In the
experiment, the first spectrum is recorded in the upper chan-
nel (1), by focusing the exciting laser spot at 25 wm from the
membrane surface. Then, the spot is progressively displaced, by
steps of 1.25 wm, inside the polymer up to the lower channel
(2), recording a spectrum at each step. In the case of Fig. 2, the
membrane is in contact with a 50 mol% water—methanol mixture
on the upper side (channel 1) and pure water on the lower side
(channel 2). The different spectral bands due to Nafion® and to
the adsorbed solvents are indicated in Fig. 2a. The main charac-
teristics bands at 725 (vsC-F) and 1030 cm~! (vC-0), 2850 and
2950 cm™! (vVC-H), 3400 cm~! (vVO-H) are used as fingerprints
of Nafion®, methanol and water respectively. First, the integral
of their surface is corrected through the calibration curve. Then,
this value is plotted as a function of the measurement depth
z, so giving the experimental water and methanol distribution
profiles reported in Fig. 3. Bands surfaces from spectra carried
out when the exciting laser spot is focused into the pure water
and methanol liquid phases are taken as in situ reference for
quantitative analysis.



42 S. Deabate et al. / Journal of Power Sources 176 (2008) 39—45

»(O-H) 3400 cm~!

v(C-H) ~ 2900 cm~!
vs(C-F) 725 cm~!

»(C-O) 1030 cm~1

solution 2

membrane

2z (micrometer)

solution 1

(=2 h=4 (=4 = f=4 f=3 (=1 (=1
=1 = 3= =] 2 o 9
g =] TS =1 e} S w O

— — (&) ™ 4] gl =t

wavenumber (cm-

)

Fig. 2. (a) 3-D plot as resulting from the accumulation of 100 Raman spectra
measured at different positions across the channel 1/membrane/channel 2 sys-
tem. Solution 1 is a 50 mol% water—methanol mixture and solution 2 is pure
water. Spectral bands used to trace the concentration of the different species are
indicated. (b) The same data reported as Raman cartography.

Depth profiles obtained by this way contain an intrinsic error,
i.e. they are blurred by the diffraction phenomena of the optical
system [27]. Only in the ideal case of a laser beam with diam-
eter approaching zero, confocal Raman microscopy gives the
Raman scattering of a single plane. In the real case, the laser
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Fig. 3. Transverse (+) water and (x ) methanol concentration profiles trough (%)
the Nafion® 112 membrane, as directly determined from data reported in Fig. 2.
Displayed is the intensity of the back-scattered Raman signal vs. the position of
the laser spot in the channel 1/membrane/channel 2 system. Spectral intensities
are normalized according to the values obtained in pure liquid phases.

beam has significant intensity up to a certain distance from the
focal plane z and the Raman intensity is scattered from a finite
volume element V(z), around z, whose value depends on the
depth resolution of the Raman instrument. Therefore, the exper-
imental measurement contains also contributions from regions
in the neighbourhood of the focal point. In other words, the
experimental determined Raman intensity /(z) at each point z is
in fact a weighted sum of scattered intensities at different points
along the z-axis, above and below the scanned position z. The
real local intensity at different place in the membrane is s(z)
and A(z) is the weight function taking into account the physical
characteristics of the optical coupling. This can be expressed as

(Eq. (1)):
+00

1(z) = /s(u)h(z —u)du = 5(z) * h(z) (1)

—00

where ‘*’ denotes the convolution product. The experimental
Raman intensity collected when the system is focused on z posi-
tion is then a convolution product between the Raman intensity
s(z) emitted from z by an instrumental point spreading function
h(z). This last function can be experimentally measured with a
silicon target (vide infra). The knowledge of the function 4 from
a preliminary experiment allows us to refine our processing on
the data collected.

Owing to the diffraction effects of the optical system, as-
measured concentration profiles result from the modification of
true depth profiles as schematized in Fig. 4. Fig. 4a reports an
example of instrumental point spreading function Ah(z), Fig. 4b
an example of real local intensity of the Raman signal at dif-
ferent place in the membrane and Fig. 4c the measured local
intensity as resulting from the modification of the real intensity
by the optical blurring. Worth of noting, stronger modifications
are observed at and near the membrane surface, especially when
pronounced concentration drops are dealt with. This prevents
the exact measurement of a critical membrane property like the
polymer affinity for the solvent, which is usually described by
the difference of concentration of the absorbed species at the
interface between the outer solution and the membrane inner
surface.

Our approach to recover true diffusion profiles of water and
methanol in Nafion® follows three main steps, detailed hereafter:
(i) the determination of the instrumental function h(z) (Fig. 4a),
(ii) the proposal of a virtual concentration profile “test-function”,
directly related to the virtual intensity profile I,(z) (Fig. 4b) by
the constant k previously determined by the calibration curve,
(iii) the fitting of the experimental profiles by means of the func-
tion I.(z) (Fig. 4c) obtained from the convolution of I,(z) and
the instrumental function A(z).

First, as the virtual instrumental function /(z), we use data
recorded experimentally by focusing the laser beam of the
Raman microscope on the surface of a silicon wafer and mea-
suring the 725cm™! band intensity profile. The silicon wafer
can be considered in fact as a perfectly thin Raman emitter since
it behaves as mirror. The wafer is covered by a Nafion® mem-
brane and a water—methanol film, according to the measurement
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Fig. 4. Schematic illustration of (a) the instrumental spreading function /(z), (b)
a proposed virtual “true” intensity profile /,(z) and (c) the intensity profile /.(z)
resulting from the convolution of 4(z) and /,(z).

experimental conditions applied in this study. The depth profile
of this band shows a bell shape (Fig. 4a) and can be fitted by a
pseudo-Voigt function (Eq. (2)):

hy(2) = g fo,u(2) + (1 — g fL(2) ()

where fg 3(z) and fi 3(z) are the Gaussian and Lorentzian
contributions, respectively, and g is the Gaussian contribution
fraction. The real intensity profile of the wafer is almost a Dirac
distribution and we can use the fact that the Dirac function is
unitary for convolution, in other words (Eq. (3)):

h(z) % 8(z) = h(z) 3

Thus, the intensity profile recorded on the silicon gives us
directly the point spreading function A(z).

Then, concentration profile test-functions c¢(z) for water and
methanol are calculated, according to Eq. (4):

7 < Zm, c(z) = cis
7= Zm, c(zm) = €im
C —C
Zm <2 <Zm+Im, (@)= M(Z — Zm) + Cim 4)
m
Z=2Zm + Im, ¢(Zm + Im) = com
2> Zm + Im, c(z) = ¢
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Fig. 5. Experimental and convoluted spectral intensity profiles of water dif-
fusing through Nafion® 112, according to different methanol (mol%) in the
water—methanol mixture flowing in the micro-channel 1 (channel 2 contains
pure water): (A) 0%, (B) 25%, (C) 50%, (D) 75% and (E) 100%.

where ¢ and ¢y, are, respectively, the species concentration in
the liquid phase and at the inner surface of the membrane, /i,
is the membrane thickness and z, is the position of the left
membrane—solution interface. This leads to profiles with a real-
istic shape for solvent and membrane (Fig. 4b, where indexes 1
and 2 refer to the solution).

Finally, the virtual as-measured intensity profile function /. (z)
(Fig. 4c), obtained by convolution of the virtual intensity profiles
I(2) (Ip(z) =kc(z), Fig. 4b) with the instrumental function A(z)
(Fig. 4a), is used to fit the experimental points (Figs. 5 and 6).
By varying the ¢ and ¢y, theoretical values, water and methanol
local concentrations inside Nafion® are estimated. The ¢s and
cm parameters used for each mathematical fit are reported in
Table 1. The value of the membrane thickness /i, when the poly-
mer is impregnated of the water—methanol solution, is directly
taken from experimental depth measurements like that reported
in Fig. 3.

Figs. 5 and 6 show, respectively, the fits of the convo-
luted spectral profiles I.(z) of water and methanol to the
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Fig. 6. Experimental and convoluted spectral intensity profiles of methanol dif-
fusing through Nafion® 112, according to different methanol (mol%) in the
water—methanol mixtures flowing in the micro-channel 1 (channel 2 contains
pure water): (A) 0%, (B) 25%, (C) 50%, (D) 75% and (E) 100%.
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Table 1

Parameters used to fit the experimental water and methanol intensity profiles (concentrations are non-dimensional)

Profile Methanol (mol%) of the CH;0H + H,O c1s (Elp,157k) cas (=lpas/k) Cim (=lp1m/k) ¢om (=lpomlk)
mixture flowing in channel 1
Methanol 100 1.04 0.00 0.26 —0.03
Water —0.02 1.02 0.17 0.60
Methanol 75 0.72 0.00 0.27 0.03
Water 0.30 1.06 0.40 0.50
Methanol 50 0.46 0.00 0.20 0.02
Water 0.54 1.02 0.33 0.45
Methanol 25 0.28 0.00 0.14 0.02
Water 0.72 1.03 0.39 0.42
Methanol 0 0.00 0.00 0.00 0.00
Water 1.01 1.01 0.48 0.49

corresponding experimental intensities, for a series of experi-
ments carried out with Nafion® 112 under dynamic equilibrium
between different CH30H + HO solutions flowing into the
channel 1 and pure water (channel 2). The concentration val-
ues obtained from these fits (Table 1) potentially give great
insights into parameters which are critical for the understanding
of Nafion® transport properties. First, the concentration ratios
cm/cs at both the solution—membrane interfaces can be mea-
sured under transport conditions, so giving information about
the polymer affinity for the solvents. Furthermore, the accu-
rate concentration profiles of solvents can be determined within
the membrane medium and related to fluxes under the same
conditions.

The diffusion fluxes are usually determined macroscopically,
as a function of the difference between the outer concentra-
tions of the transported solvents measured at both faces of the
membrane, (Eq. (5)) [28,29]:

Crs — C1
Jaiff = —P——— )

Im

0.5 :
(a)

04 — =1

m_clm)

(c,

0.1 —

where (cps — 1) is the outer concentration difference between
the two sides of the membrane, and P is the diffusion permeabil-
ity coefficient of the species under study. However, the diffusion
coefficient D within the membrane material can be deduced as

(Eq. (6)):

_dC - -
Jaif = —D— =~ —pSm—Cim (6)

Im

&

where (com — ¢1m) 18 the inner concentration difference between
the two sides of the membrane. Since the two descriptions must
lead to the same result, it follows that (Eq. (7)):

_ C2s — Cls (7)

C2m — Clm

| o

Besides, the ratio of the transport coefficient is highly depen-
dent of the flux and will have different value depending on the
macroscopic gradient for instance.

Fig. 7 shows that, as expected, the water—methanol concen-
tration gaps (cam — €1m) and (czs — c15), inside and outside the
membrane material, differ and that the relationship between Acp,
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Fig. 7. Internal Acp, vs. external Ac, concentration differences for (a) methanol and (b) water in Nafion® 112.
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and Acg is complex. In both cases, methanol and water inter-
nal gradients Acp, are smaller than Acg and this depends on
the concentrations discontinuity at the interface. The unsatis-
factory agreement between fit line and data points in Fig. 7b
is probably due to poor statistics. The more detailed analy-
sis of the water—methanol cross-diffusion properties (beyond
the scope of this paper) will need to extend our investigation
over a wider range of compositions for the water—-methanol
solutions.

4. Conclusions

A micro-fluidic cell was coupled to confocal micro-Raman
spectroscopy in order to investigate the cross-diffusion process
of water and methanol through Nafion®. For the first time, accu-
rate depth measurements of the local concentration gradients of
water and methanol in Nafion® have been carried out in sifu,
under steady-state transport conditions between two solutions.
In order to gain quantitative information about the interface
concentration drops and internal concentration gradients, a
mathematical treatment, which takes into account the contri-
bution of the experimental set-up to spectral measurements,
is proposed. Water and methanol concentration profiles mea-
sured inside the membrane and drops at the solution—polymer
interface suggest that concentration profiles can be locally well
described by affine functions and that concentrations discontinu-
ity at the interface must be taken into account. Note that present
results concerning the solvent concentration profiles could not
correspond to the state of the membrane working in a fuel cell,
particularly in the case of water. As a matter of fact, the micro-
fluidic cell as well as the experimental conditions employed in
this study reproduce a highly idealized model system as com-
pared to the real fuel cell environment where methanol content is
lower, water is supplied by humidified air or oxygen flowing and
transport mechanisms depend on electrochemical driving forces.
However, the coupled experimental and mathematical method
presented in this work is very promising for investigation of
transient and steady-state distributions of any Raman detectable
ionic or molecular species inside transparent, conductive poly-
mers for (electro)dialysis and electrochemical applications. In
future research, a properly modified micro-fluidic cell will be
used to study transport properties of a Nafion® membrane sub-
mitted to electrochemical driving forces and hydrated by means
of humidified gases, as it happens in the working fuel cell envi-
ronment.
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