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DOI: 10.1036/X0XX00000% New bi-layer PFSA membranes made of Nafion® NRE212 and Aquivion™ E7g-o5s with different

equivalent weights are prepared with the aim of managing water repartition in the PEMFC. The
www.rsc.org/ membrane water transport properties, i.e. back-diffusion and electroosmosis, as well as the
electrochemical performances are compared to those of state-of-art materials. The actual water
content (inner water concentration profile across the membrane thickness) is measured under operation
in the fuel cell by in situ Raman microspectroscopy. The orientation of the equivalent weight gradient
with respect to the water external gradient and to the proton flow direction affects the membrane
water content, the water transport ability and, thus, the fuel cell performances. Higher power outputs,
related to lower ohmic losses, are observed when the membrane is assembled with the lower equivalent
weight layer (Aquivion™) at the anode side. This orientation, corresponding to enhanced water
transport by back-flow while electroosmosis remains unaffected, results in the higher hydration of the
membrane and of the anode active layer during operation. Also, polarization data suggest a different
water repartition in the fuel cell along the on-plane direction. Even if the interest of multi-layer PFSA
membranes as perspective electrolytes for PEMFCs is not definitively attested, these materials appear
excellent model systems to establish relationships between the membrane transport properties, the
water distribution in the fuel cell and the electrochemical performances. Thanks to the micrometric
resolution, in situ Raman microspectroscopy proves to be a unique tool to measure the actual hydration
of the membrane at the surface swept by the hydrated feed gases during operation, so that it can be
used as a local probe of the water concentration evolution along the gas distribution channels according
to changing working conditions.

1 Introduction assembly (MEA). More particularly, the platinum ofie
catalysts particles dissolves and diffuses into mfembrane
gusing irreversible performance losses. On therottand,
insufficient water dehydrates the perfluorosulfoagd (PFSA)
) - . ionomer used to bind the catalyst nanoparticlethénALs and
energy generation. An °pera“”9 PEM',:C for comméncse constituting the membrane, so decreasing the protorent.
must F’e able to_ .adapt to.varlatlo.ns .|n. power dema"‘,’ Therefore, dry cell operation is affected by ohrduisses and,
operating  conditions  while  maintaining near c)pt'mac!ver a long time, causes irreversible damage dughémnical

performances during several thous'anclals of hours:reQUr and mechanical degradations of the ionic condugthese.
research shows that one of the main issues afteqiower Water distribution within the MEA depends on seder

output, stability and longevity is the quantity afidtribution of interrelated factors, among which a key one is rtrembrane
water in the systerh® Actually, the water management is ?ransport properties. Two main water transport raegms
major engineering challenge for PEMFCs. On one hardess occur across the membrane thickness: electroosmasisre
water cgn flgod the gas feed channels ar.1d the eadaiyers water is dragged by protons ags® from the anode to the
(ALs), hindering mass transport of the reactiveega® catalyst cathode, and back-flow, induced by the differertivities of
sngs and, thus, decreasing the redox reactlon.egtee current water at the opposite sides of the membrane. Theverall
dellver.ed by the FF:. Furtehr, long-term floodingcelerates water cross-flow is typically assumed as the liness
corrosion of the various components of the membedeetrode superposition of these transport mechanisms. B 0SS IS

Proton exchange membrane fuel cells (PEMFCs)
considered as one of the most promising opporesiitn the
field of alternative technologies for environmehtafriendly
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usually considered to induce unfavourable dehyoinatif both
the membrane and the electrode at the anode sadigidarly
when high current intensities are delivered by REMFC’°
Back-flow, related to the electrochemical productif water at
the cathode, should have the beneficial effect féseb
electroosmosis and, thus, balance the water disiwib
between anode and cathddé’®

One of the wusual approaches for
distribution inside the MEA is to develop new memntes with
less marked dependence of conductivity on hydratitwe
ultimate aim being to operate the FC with dry fepdes®?!
But, even if many significant advances have bedrnieaed in
this field during the last decades, it should beogmized that
such alternative materials still exhibit perceivdthwbacks,
especially in terms of longevity. This causes thESR
ionomers to remain the state-of-art electrolytehia PEMFC
technology.

An alternative, much less investigated strategymtprove
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measurements still carried out as a function of ibivéayer
arrangement with respect to the direction of théewaansport
driving force. Also, measurements are carried dutflifierent
relative humidities (RH), since water transport lighiand
mechanisms are expected to change drasticallyfasction of
the hydration state of the non-crosslinked PFS/Aoiner33-3%

Finally, operando depth-resolvedi-Raman measurements are

managing watgsed to characterize the evolution of the local frame water

content with the FC working regini&€®® This technique is
currently gaining relevance as a unique tool fore th
measurements of mass transfer profiles of molecsiercies
diffusing or migrating across transparent polymiémg.*%4
The overall results allow us to go deeper intokhewledge of
relationships existing between the membrane hyaasitate,
the water transport ability and fundamental mecérasi the
water distribution in the FC and the performancdstie
electrochemical system.

water management is to use current membranes telajev 2 Experimental

anisotropic multilayer structures with modified watransport
properties i.e. increased water

back-flow and/or limitec?-1 Membranes

electroosmosis. Marrongt al. first reported about multi-layer Bi-layers membranes are obtained by hot-compressibn

membranes consisting in hydrocarbon materials ditferent
ionic exchange capacities (IEC), prepared by sisboesasting
steps’®> Water balance measurements carried out during
tests with bi-layer SPEEK suggested that the dorabf larger
water production can be reversed by reversing teenbnane
orientation in the MEA. Better performances wereseylied
when the higher IEC side was oriented towards thede.
Then, later studies on multi-layer membranes dedh the
development of hybrid or composite materials inszhdo
exhibit improved mechanical properties and

conductivity?*24

Nafion® NRE212 (EW 1100 g/mol, thickness 50 pm,
purchased from DuPont De Nemours) and AquitbiE790-
B6s (Ew = 790 g/mol, thickness = 50 pm, from Solva
Specialty Polymers), used as received. The two mangs are
first stacked together and maintained under 0.05aMF
compression at 170° C for 150 s. Then, compressson
increased to 3.5 MPa during 210 s, at the same dmhpe.
Once back at room temperature, the bi-layer is neda
according to a common procedure that consists imdrsion in

protam 30% wt. HNQ solution and stirring during 4 h at roon:
oxidative stability® or decreased methanokemperature, followed by rinsing with distilled eat
crossover®?” Only recently, Woaet al.?® reported anew about

The hot-compression conditions reported here alitaxe

water management improving by composite membrani#s Wheen optimized in order to avoid the peeling-oftteg interface

asymmetric structure. So far, the elaboration aruok
characterization of water transport properties afltiatayer
membranes entirely based on PFSA materials havebeen
particularly investigated.

Systematic approach and final validation of thetitayer
strategy first requires investigating model (simplmaterials,
in order to establish the actual effect of composdl gradients
on water transport. In this context, this work s the
characterization of a new bi-layer membrane reagilypared
by hot-compression of commercial PFSA materialsfidhd

tbetween the two membranes. The temperature is a k=

parameter, which has to be higher than the temeratf the
mechanical relaxation of Aquivion (the last beingher than
that of Nafion). The integrity of the contact irfeere is checked
by submitting the bilayers to several, subsequeatitydration
and hydration steps in water at 80°C. The effectiwkesion at
the micrometer scale is confimed by Raman
microspectroscopy. Depth-resolved measurementscamed
out at several areas of the bi-layer surface. Ngs lof the
polymer phase spectral signal or presence of wadekets is

NRE212 and Aquiviol! E79-05s, with different IEC and observed at the interface.
water sorption ability. Nafioh is the benchmark long side

chain material for PEMFCs. The short side chain i%ign™
has recently gained interest as a replacement thon¥a
because it has been shown to outperform in oper&in2®-=>2
In this paper, we first report the performancestioé FC
containing the asymmetric Aquivion/Nafion membraaed
operating under representative conditions, astestathe actual
impact of the bi-layer orientation in the MEA. Thewater
flows crossing the membrane under electric or watdivity
gradients are investigated independently, by maos

2| J. Name., 2012, 00, 1-3

2.2 PEMFC perfor mance measurements

PEMFC tests are carried out with the single cetufie reported
in Fig. 1, having single serpentine gas distributichannels
machined in graphite monopolar plates. The rib ahdnnel
widths are respectively 0.8 mm and 1.4 mm. MEAsdanee by
hot-compression (3.5 MPa and 135 °C, during 216f $he bi-
layer membrane within commercial electrodes Johihdatthey

This journal is © The Royal Society of Chemistry 2012
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H,O

end plate

Fig. 1 Schematic representation of the single cell test fixture used for PEMFC
tests.

on Toray paper TGP-H-060 (0.4 mg érRt). The active area is
25 cm2.on Toray paper TGP-H-060 (0.4 mg<Tht).

The FC is operated in the galvanostatic mode, by
potentiostat/galvanostat impedancemetre VSP asedomith a
20V/20A VMP®2B booster from Bio-Logic SAS. A Biolagy
FCT-50S test bench is used to manage the cell termype, gas
flows, pressures and RHs at the inlets. RH is aegudy
passing the dry gas through heated bubble chamBasslines

are heated at 120 °C to avoid condensation. Feexbsga

supplied in the counter-flow mode, are purge dhd Q at 1.5
bars, with H/O, stoichiometry of 1.2/1.5 respectively.

The polarization curves are recorded by sweepingeot
from O up to 1400 mA cif (value beyond which a stead
potential can no longer be attained) at 20 mAls situ EIS is
carried out simultaneously, according to a meagareeach
current increment of 100 mA ¢
range is 0.1 Hz-10 kHz, with 10 points per decatter a4
periods of stabilization. Values are averaged gredods. The
ohmic resistance of the MEA is ascribed to the nhaslof the
complex impedance at the higher frequencies forciwhhe
imaginary part reaches zero. Resistances othensathaic are
evaluated by subtracting the ohmic to the oveesistance.

2.3 Sorption | sotherms

The water content at equilibrium of as-received ibft

NRE212 and Aquiviol™ E790-05s membranes is determined

for different water activities by the gravimetricethod, using a
Symmetrical Gravimetric Analyzer SGA-100 equippeithva

microbalance and a dew point analyser. Sample§iratedried

out during 240 min at 60° C under dryJ flow, until the

weight loss is lower than 0.001 wt% in 10 min. Thearption

measurements are carried out at room temperatsiag W\

humidified nitrogen feed to increase the RH fromo 5%, per
step of 5%.

2.4 Electroosmotic drag measur ements

Electroosmotic water flows are usually charactetizg the

Physical Chemistry Chemical Physics

water molecules dragged per proton migrating unther
electrical gradient. The appropriate method to meak,4has
been comprehensively discussed in a previous stuttythis
work, electroosmotic measurement are carried outguthe
same experimental set-up described above (Figbut),with
electrodes with lower active area. 5 cm2. The cell is operated
at ambient conditions, in the,Hbump modei.e. hydrogen is
oxidized at the anode and the so-generated prattigsates
though the membrane to be reduced at the cathodegiae
back H. The cell set-up has the cathode outlet directlyv
connected to the anode inlet located on the oppasite (Fig.
2), so as both sides of the MEA are in contact w&isingle gas
flow. This allows the water concentration at noreat
conditions to be the same at each point of theflgason the
opposite sides of the membrane, so as to minirhiggtesence
of transverse water concentration gradigrgsparasitic water
flows which may affect the accurate measuremenKgf,
Hydrogen flow (500 N mL mif)) and stoichiometry (550) are
chosen so that the contribution to the overall flomam the
hydrogen produced at the cathode or consumed artbée is
n@gligible. The amount of water dragged by elecnoosis is
much lower than the inlet water flow and the RHfetiénce
between inlet and outlet at each electrode is mrEth(ARH <
5%). The cell is operated galvanostaticallyl a 24 mA cn?,

in order to maintain high stoichiometry and a eeltage below
1 V (avoiding water electrolysis and/or carbon osion). In
order to carry out measurements at the steady, steteMEA
hydration is monitored bin situ EIS (carried out as described
above). The typical equilibrating time, correspaondito the
time needed for the measured resistance to stéady2 min

Yand ~1 h 30 min dt= 24 and 0 mA cif, respectively.

The electroosmotic drag coefficient is calculatéar
different membrane hydration states, as followse Bkarting

The investigated frequenCydata are the difference between the RHs measurtd amid
without imposed current, by the gas concentrati@mser

Piezocoff (Lorex Industries, Inc) placed between the anoa=
inlet and the cathode outlet (Fig. 2). At no-cutreanditions,

the water molar fractio™ is identical in the whole set-up and

related to the inlet water floy"®,,0, according to:

RH

gas channel

. - X
*« graphite monopolar plate

cathode inlet
(Hy + H>0)

cathode

smbrane gas concentration
membrane & T

anode outlet

(H, + H,0)
gas ('h;nuu-l/lRH

N H0 = Kypay x H

Fig. 2 Schematic representation of the experimental set-up for the measurement

measurement of thek, coefficienti.e. the average number of°" the electrooscmotic drag coefficient.

This journal is © The Royal Society of Chemistry 2012
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where flows are in mol'’s Under homogeneous RH conditions

@"%.0 can be obtained by measuring the water molariénact
at the cathode outlet, knowing the inlet hydrogwf @..

Once d™° measured, the curremtis applied and the water

concentration at the cathode outlet increases duethe
electroosmotic drag. When a steady state is rea¢chedvalue
of d*° is constant and the electroosmotic drag coefftcasm
be calculated according to:

jnlet
ai;o — 20 +¢7drag

+ I
2xN,xe”

+ I
2xN, xe”

jnlet
0 T sy T,

(2)

iz0

= wdrag = 1- ai¢0 x(%z

=4 -4,

_ dnlet
20

)

whereN, is the Avogadro number (6.022x1023 fHple the
elementary charge (1.6x10-19 C) apgl, the electroosmotic

drag flow (mol &), which is then equal to the difference

between the water flowg .0 and ¢%.0 deduced from the
water molar fractions measured at the cathode towit and
without current| respectively. The term/(2 x Ny x €)
originates from the hydrogen formation by protoduetion at
the cathode.

The electroosmotic drag coefficient
determined according to:

_ Brag

_ Pueg
drag — -

N, x€

K

¢pr otons

(3)

2.5 M easurements of water cross-flows at no-current conditions

As for electroosmosis, measurements of water flovessing
the membrane under external water activity gradieate
carried out at ambient and steady conditions, tlembrane
hydration state being monitored byn situ EIS. The
experimental set-up used is reported in Fig. 3. @&léis the
same as for the electroosmotic drag measuremerts.
membrane, placed alone between the bipolar platesaétive
or gas diffusion layers), is submitted to externahter
concentration gradients by flowing,fg (1000 NmL mint)
with different RHs at the opposite sides of thd. céhe co-flow
configuration is used and RHs at the inlets areefodly
controlled in order to maintain the same averagenbmane
hydration along the gas distribution channel. Tleewr activity

Chemical Physics Page 4 of 17

RH
|

gas channel

inlet
RHpigher

(Hy + H20)

membrane

outlet
RHhigher

(Hy + H20)

. = X
*. graphite monopolar plate
<

| H,0
RH et inlet Y ¢ . + L
Tower(<RHpigher) bd

(Hy + H20)

outlet
‘higher )

RHJY™ (<RH
(H, + H,0)

.-graphite monopolar plate

gas channel” RH

e o@" RH sensor

Fig. 3 Schematic representation of the experimental set-up for the measurement
of water cross-flows at no-current conditions.

RHs are measured at each inlet and outlet by Rmironic
HygroPalm capacitive sensors, so as to allow whtdance
measurements for both the cell sides, from whiah water
cross-flowg,.e is calculated according to:

jni inl
RH inlet = ¢j 3 Ptot jnlet = RH “ X
jnlet sat = ¢ P %2
¢ + %2 Pvap (rceil ) tot - RH inlet
Psal (T )
vap \ ' cell
utl outl
RH outlet _ ¢O “ X Ptot = woutlet - RH e Xﬂ_'
¢0U‘|e‘ + %2 R/Saa;: (Tceu ) Ptot — RH outlet ?
vaai[ (Tceil )
¢Wa(er = ¢'n|et _¢0utlet

can be finally

(4)

where ¢"® and #'* are the water flows at the inlet and th=
outlet, respectively (mol™. P, and Psa‘\,ap(Tcd,) correspond to
the total pressure of gas flow and the saturatapour pressure
at the cell temperature, respectively (Pa).

The RH from which the X of the membrane is deduced
correspond, here, to the average of the four Ridesafrom the
different capacitive sensors of the experimentalpe

2.6 In situ g-Raman measur ements

The inner water gradient crossing the asymmetridayer
membrane under operation is measured ibysitu Raman
microspectroscopy. The principle of the techniqubge
experimental set-up and the data treatment proeedue
presented in detail elsewhéfé! In short, Raman spectra are
accumulated at different depths across the memhthacieness.
Once made the appropriate corrections to the ragwnasi
(resumed below and in section 3.3), the amountaiémnsorbed
at each probed position is calculated from thenisity of the
related vibrational bands (Fig. ST¥)The specific single cell

gradient orARH between points placed symmetrically at thiixture used, designed in our laboratdfyis reported in Fig. 4.

opposite surfaces of the membrane decreases dlergns flow
path (from the inlet to the outlet) but the averagmsversal
RH stays constant. RHs at the inlets are choseferdift
enough to avoid reversal of the RH gradient acrtss
membrane as gases move towards the oudethe RH at one
side stays always higher than that at the othex. sid

4| J. Name., 2012, 00, 1-3

This cell is made of two 20 mm thick gilded stagdesteel
monopolar plates with a single machined serpentiyas
distribution channel. The depths of the channedsOab and 1.5
mm for the upper (cathode) and lower (anode) plate.,
respectively. The width of the ribs and channels tae same
for both plates.e. 1.5 mm. A viewing aperture (g 1.2 mm) is

This journal is © The Royal Society of Chemistry 2012
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membrane

active Iaye/

gas diffusion layer

rib for current collection

Fig. 4 The PEMFC for in situ Raman analysis: (a) picture during experiment, (b)
schematic top view and (c) cross-section.

drilled in the channel in the middle of the actiasea of the
upper gas distribution plate, to provide accesshef Raman
exciting radiation to the membrane. A compressifidesket,
squeezed by the microscope objective, is used ep kKee cell
tight.

MEAs are assembled as follows. Catalyst coatekibgc
(the same used above) are glued on the gas distribplates
and a hole (g 400 pum), aligned to the optical paftis drilled
in each of them. Then, the cell is stacked with rirembrane
(MEA is compressed to the 70% of the original thieks) and
put into oven at 135 °C during 1 h. The electrodiévea surface

the counter-flow configuration, with constant stoametry of
15/60 respectively and 50% RH. These low tempesaand
high stoichiometry conditions are needed, respeltjvto
prevent the damage of the microscope objective tanalvoid
water condensation on the lens. The last is inaminwith the
cathode feed gas flow and may represent a coldt poithe
system. During the FC operation, heater mats aed te keep
the objective at 38 °Ce. the maximum temperature that can be
sustained by the optical device.

Raman spectra are obtained by exciting with theé.164m
radiation from an Ar—Kr laser operating at aboud W (~40
mW at the sample surface) and recorded with a LABRB
confocal Raman spectrometer (Jobin—Yvon S.A., Hurib
France), equipped with a 50X Leica objective (HOXHuotar
L 50X/0.55, working distance 8 mm) recovering the
backscattered light.

The FC is mounted on an automatic positioning ciethat
allows carrying out spectral measurements at diffedepths
across the membrane cross section. Once steady k¢
performance is attained, the Raman cartographyQsp@ctra,
stepping distance [im) is repeated for 12 times to ensure higt.
statistic. The experimental in-depth resolution,asweed as
previously reported?**is 7 + 1 um. The volume of the
sample probed by the focalized laser beam at emghdf the
cartography is< 14 upni. Because of the undesirable
fluorescence affecting Raman spectra of fresh mands,
reference water concentration profiles (at no-curoenditions)
are recorded at the end of the experiment, affemahours of
gas feeding when the inner water content and theAME
resistance (the latter measured by IES as descebede) do
not change further between two subsequent cartbggepThe
time needed for one cartography is ~1 h.

The local water content of the membrane (volunaetion
@&, and molecule numbex = [H,0]/[SOq]) is calculated from
the ratio between the intensities of th@-H) mode around
3500 cm* and some selected Raman bands from the polymer
chemical groups, according to:

& = VHZO _ 1 _ 1
y = = =
VHZO +Vpolymer 1+Vpolymer 1+ ﬁx Spolymer
VHZO SV(OH) ( 5)
VHzO X Puo * EW P, * Pro ™ EW (6)

Vpolymer X ppolyrner xM H,0 (l_ ¢V ) X ppolymer xM H,O

where S,ymer is the sum of the intensities of thgC-F) mode
from the polymer backbone (735 @m thev(C-S) (675 crit)
andv(C-F) (800 crit) vibrations from the pendant chain (Fig.
S1t). As detailed in earlier studi®s? this calculation

is 9 cnf. Two bi-layer MEAs are separately mounted anprocedure represents an effective method to meathee

tested, in order to compare the water content lpofior the
two possible orientations of the asymmetric meméran

The FC is operated at ambient conditions of temdpee
and pressure, using a home-made test bench foRblaand
flow regulation. RH is measured at the inlets wattRotronic

membrane inner water content directly. from the Raman
signal of sorbed water, avoiding the need of irdereferences
and minimizing the number of external measurememtse
only calibration constant which has to be measurec
independently is the ratio between the scatternegsssections

HygroPalm capacitive sensor. Purg® gases are supplied inof the sorbed water and of the molecular speciesd usr

This journal is © The Royal Society of Chemistry 2012
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assessing the ionomer occupation voluMgyme i.e. the S
coefficient appearing in eqn (5) (for which we refiee reader

to Penget al.*). Further, our calculation procedure implies the

normalization of the sorbed water by the polymgnal, which
allows correcting artificial gradients due to theogressive
attenuation of the Raman signal as the probed welomves
deeper into the membraf®?? Other phenomena which hav
also to be taken into account in order to recovesfacts-free
depth-profiles are the low resolution at the irdeds (due to

instrumental spreadin§)** and the artificial shortening of the

depth-scale (due to spherical aberratidis)n this work,
blurring effects at the interfaces are correctedthwa
mathematical approach which correlates apparemt) (lend
true Raman intensities with the depth-resolutiorveuof the
instrument, the latter measured under

can be found in Deabagt al.** and Gallardet al..** Artificial
shortening of the depth-scale is corrected by mligation of
the apparent depth-position by the rati= n;/n, between the
refractive index of the membrane, (= 1.35) and of the

surrounding gas phase,(= 1.00). Even if other, more rigorous,

mathematical expression can be used (see E{fprabur
correction represents an effective approximatiotha specific

case of hydrated PFSA materials and Raman deptl‘g

measurements carried out with a confocal settup.

3 Results and discussion

3.1 PEMFC performance

Fig. 5 compares performance data of the FC comgitihe
asymmetric bi-layer membrane, differently orientad the
MEA, to those obtained with symmetric bi-layer nratks of

the same thicknesse. reference samples consisting of two

Nafion or two Aquivion layers stacked together. Bl@@ments

the samecabpti
conditions encountered during thresitu Raman study. Details

Chemical Physics
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have been reprOdUCSd at least three times. Therwsuse Fig. 5 Fuel cell polarization data: a) 60 °C, 100% RH (“wet” conditions); b) 70 °C,

differences are meaningful and can be reliablyibedrto the
membrane and not to changes of the electrodesrpaafes
from one assembly to the other. The FC behavior
investigated for two operating conditions of tengtere and
RH: (i) 60 °C and 100% RH for both gases (“wet” ditions);
(i) 70 °C and 0% RH (“dry”). The heterogeneity tife FC
operation (water distribution in the MEA) is expsdttto
increase from “wet” to “dry”.

For both the operating conditions investigated, different
behaviours can be discussed according to two woniégimes,
namely at low current densitye. below 600 mA crid, and at
high current density.e. above this value. At high current, th
FC assembled with the symmetric bi-layer consistfigwo
identical Aquivion membranes exhibits the best gemiances
while the symmetric bi-layer Nafion/Nafion the wobrshe
opposite is observed at low current, although tifferénce is
less pronounced. Concerning the asymmetric membpisetter
performances are observed when the Aquivion laygrlaced
at the anode side. It is worth of noting that thehdviour
differences between the various symmetric and asstnien

6 | J. Name., 2012, 00, 1-3

0% RH (“dry”). H,/O; stoichiometry: 1.2/1.5. In the legend, (A) and (C) denote the
anode and the cathode respectively.

rﬁaterials are enhanced by operating the FC undey” “d
conditions (compare Figs. 5a and b), for which bilaW of
water from the cathode to the anode is of primeoirtgmce to
promote hydration of the anode side.

In situ electrochemical
carried out under dynamic conditions, shows thatdtferent
performances observed are strictly related to e dsistivity,
whose major contribution is usually admitted togorate from
éhe PFSA ionomer in the ALs and from the membrd&ig. 6
reports the evolution of ohmic and non-ohmic (e usually
referred as “transfer resistance” in literatureptabutions to
the overall resistivity as a function of the defie@ current
density. As expected, slightly lower values are snead when
the FC is operated under “wet” conditions (Fig..6&he
decrease of the non-ohmic contributions with therent
increase shows that electrode performances as implove
with the increase of the water concentration in #@*°
However, at a given T and RH, the non-ohmic reststs of

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Specific resistivity obtained from in situ EIS measurements as a function of
different current densities delivered by the FC. FC operating conditions: (a) 60 °C,
100% RH (“wet”); (b) 70 °C, 0% RH (“dry”). MEAs: (*) (A)Aquivion/Aquivion(C);
(®) (A)Aquivion/Nafion(C); (®) (A)Nafion/Aquivion(C); (M) (A)Nafion/Nafion(C);
where (A) and (C) denote the anode and the cathode respectively. Full and open
symbols denote ohmic and non-ohmic resistivities, respectively. Insets are
magnifications for the detailed view of the ohmic resistivity evolution with
current.

the different assemblies are very similar while nffigant
differences can be observed for the ohmic contidiogt Ohmic

Physical Chemistry Chemical Physics

Differently, at “dry” conditions, the (A)Aquivion/Afion(C)
assembly shows slightly lower values of both oharc non-
ohmic contributions at high current density.

At “wet” operating conditions, the FC is fed with and Q
both saturated with water. The water distributiortie MEA is
expected to be homogeneous and the membrane veateme
to correspond to the equilibrium value at 100 % RHen, the
different resistivities observed for the homogerseditlayers
seem to correspond to the different water sorpébitities of
the Nafion and Aquivion membranes. Aquivion extsbiigher
IEC, conferring larger water contentide infra) and so larger
proton mobility>* However, the mere difference between the
equilibrium water contents can not explain the eatiht
behaviours and FC performances observed under “ar/
conditions for the reversed orientations of thenasetric bi-
layer in the MEA. FC operation under “dry” condit® (0 %
RH of both feed gases) is expected to induce hgésr@ous
water distribution inside the MEA. Then, the emphiag of
the differences observed between the various lErapat high
currents strongly suggests different water repantit inside the
MEA. This implies different water transport propest for the
asymmetric membrane depending on the position eftio
layers with respect to the electrodes.

To summarize key results, the Aquivion symmetiitager
exhibits the best performances while the Nafion matmic bi-
layer the worst. The Aquivion/Nafion asymmetric nigane
shows intermediate response, with better perforesmnwehen
the Aquivion layer is placed at the anode side. difierence
between the membranes is enhanced by operatingGhender
“dry” conditions.

3.2 M acr oscopic measur ements of water transport

Several studies attest that the PFSA membranegyakbil
transport water can change drastically as a funafahe water
content (see for example Heitner-WirgtfinMauritz et al.®*,
Kreueret al.*®, and references therein). It is therefore neetful
establish in advance the basic water sorption ptiggseof the
two ionomers composing the asymmetric membiiamevhich
material accumulates more water when free from reate
constraints. Fig. 7 compares sorption isothermsimgle-layer
Nafion® NRE212 and AquivioH" E790-05s membranes at
room temperature. The water amount reported at %0BRH
corresponds to the equilibrium with liquid waterdamatches

resistivities stay between 0.09 and 0@3cn? and behave well to that obtained from Raman measurements ezhrout

almost constant in the whole investigated currearige. A
slight increase is observed under “dry” conditiabghe higher
current densities. The differences between theouarbi-layer
membranes well correspond to the FC behaviour wbdein

under the same conditions (see Fig. S1t1 and se2f®)nThese
data are used in the following (sections 3.2.1 3u2d2), where
the water transport properties of the different syetric and
asymmetric materials are presented as a functiotheofwater

the high current range (Fig. 5)e. the increase of the FccontentA. In the case of measurements carried out with the
performances corresponds to the decrease of theicohf€mbrane submitted to an external water activigdgmt, the

resistivity of the corresponding bi-layer. So, fmrth operating
conditions, the Nafion/Nafion symmetric bi-layerhébits the
highest resistivity and the Aquivion/Aquivion biyler the
lowest. Asymmetric materials have similar resisid at “wet”
conditions, closer to that of the Aquivion/Aquividr-layer.

This journal is © The Royal Society of Chemistry 2012

average water content of the sample is assumedetahé
equilibrium value at the water activity corresparglito the
average RH value between those at the opposits sifi¢he
sample.

Both isotherms reported in Fig. 7 exhibit the btahi
sigmoidal shape well described by the new dual nsmiption

J. Name., 2012, 00, 1-3 | 7
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respective side chains). The slightly larger valabserved for
Aquivion at the higher water activities are a hoft lower

stiffness of the polymer network.
254 @ Essential to understand the different water trartsp
properties shown by the two membranes and discuss#te
20 following, the larger density of sulfonic groups Aguivion
—— Aquivion E79-05s corresponds to the larger water uptake at all RHeims of
154 -0~ Nafion NRE212 percentage of dry weight taken up (or water volunaetion,
< Fig. 7b).
10+ 3.2.1 WATER CROSS-FLOW AT NO-CURRENT CONDITIONS. Fig.
g~ 8 reports water flows crossing the thickness ofahgmmetric
7T membrane at various hydration states, when the siEpo
57 /0/06/6 surfaces are swept by,fg streams with different RHs. Results
g T are compared to those obtained with the referenatenmls
0 ; ; ; ; (symmetric bi-layers) and the corresponding souisiagle-
0 20 40 60 80 100 |ayer) membranes NafiSiNRE212 and Aquiviol" E790-05s.
RH (%) Flows are normalized on the sorption/desorptiofiaserand on
the driving forcei.e. ARH/t where ARH is the RH difference
(b) i between opposite sides anthe membrane thickness.
0,5 e In agreement with the nano-phase separated magyol
most widely used to understand transport propedfeBFSA
0.4 ¢ ionomers (see Mauritet al.**, Kreueret al.*® and references
/ o therein), the general trend observed in Fig. &iésihcrease of
0.3 /0/’ o the water transport ability with the increase of timembrane
e > water content. Indeed, the ratio between weak anong
o o° bonding water molecules increases with hydratiohe Tirst
027 o 00/0 00" ° hydration layer of —S© groups provides a shield preventing
oo/w P the other molecules to interact with the acid-sit&sas, the
017 o/§/°° o friction forces between the water molecules and ghlmer
/° """ phase, together with the tortuosity of the watehpédecreases
0,0 T T T T T T T T with the water content increase, and so the remistéo water
0 20 40 60 80 100 an sport.
RH (%)
Fig. 7 Sorption isotherms of Nafion NRE212 (EW = 1100 g mol™) and Aquivion E 8
E790-05s (EW = 790 g mol'l) at room temperature: (a) evolution of the water S E -4
molecule number with the RH, (b) of the water volume fraction. ,><\ 7
T'm |
model of Fenff, recently tested by Lét al.*® on the vapour "g 61
sorption data reported in literature for PFSA iomosn The % 5
concave profile observed at low RHs correspondsti®e £ |
sorption of strong bonding water molecules in thestf % 4
hydration layer of the sulfonic ion pair. At thisage, water L 4
molecules occupy frozen spaces available in theiamgmer % 3 ---%-- (dry)Aquivion/Aquivion(wet)
network, without significant swelling straffi. The upward = 1 ~% - (dry)Aquivion(wet)
curvature at higher RHs is due to the water mokcalustering o 2] ~+=~ (dry)Aquivion/Nafion(we)
. . . . . . N --e-- (dry)Nafion/Aquivion(wet)
into multiple layers on the first hydration shatfidainflating the g 14 —— (dry)Nafion/Nafion(wet)
hydrophilic domains. At a given RH, the water contef the 5 . —=— (dry)Nafion(wet)
membrane results from a complex interplay betwerdtiving Z o014 I I I ——
force for sorption,i.e. the solvation of ionic charges, and 2 3 4 5 6 7 8 9 10

opposite forces due to the energy expense to exphad
polymer network against its elastic resistance.nTliee almost
identical sorption isotherms = f(RH) (AA < 1 for RH< 90%,

Fig. 7a) attest the similarity between the affirmifyNafion and
Aquivion sulfonic groups to water as well as thegance of
comparable frozen free volumes around sulfonic gsoim the
dry polymer network (despite the different length the

8| J. Name., 2012, 00, 1-3

<A>

Fig. 8 Normalized water cross-flows under external RH gradient, as a function of
the average membrane water content <A> at room temperature: comparison
between bi- (open and colourful symbols) and single-layer (black symbols)
membranes. In the legend, (dry) and (wet) denote the membrane side in contact
with the Hyg) stream of lower and higher RH respectively. If not shown, errors
are within the symbol size.

This journal is © The Royal Society of Chemistry 2012
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Aquivion membranes (both single- and symmetritapers)
exhibit the highest water flows while Nafion-basexdterials
the lowest. Asymetric bi-layers show intermediatdues, with
sensibly higher flows when the Aquivion layer isag#d in
contact with the less humidified hydrogen feed. @ilethese
data reflect the higher water volume fraction ofuMipn at all 0.4+
RH values, compared to Nafion (Fig. 7b). For a give

---%r--- (A)Aquivion/Aquivion(C)
---%--- (A)Aquivion(C)

--e—- (A)Aquivion/Nafion(C)
--e-- (A)Nafion/Aquivion(C)
—o— (A)Nafion/Nafion(C)
—=— (A)Nafion(C)

0.5

drag

Aquivion exhibits larger and/or better connectedervahannels 034
through the polymer phase. lower water transport resistance”
though the bulk membrane. 0.2
The lower water flows observed for single laye@npared
to symmetric bi-layers of the same ionomer (eitNafion and .
.1

Aquivion), as well as the decrease of this diffeeenvith the

increase of the membrane hydration are the hinswface

phenomena limiting water transpdtt® Indeed, it has been 00+—F"—F—"—7FT—F———F———F—T——T——T——

demonstrated that the impact of sorption/desorptiorting

mechanisms on water flows, due for example to tleegnce of <A>

_Skm layers _and/or to the water condensation Igﬂaeat, Fig. 9 Electroosmotic drag coefficient Kqog as a function of the average

increases with the decrease of both membrane thBsskiand membrane water content <A>, at room temperature: comparison between bi-

water content}*2 The dependence of the relative importance (pen and colourful symbols) and single-layer (black symbols) membranes. In the
L Lo . legend, (A) and (C) denote the anode and the cathode respectively. If not shown,

surface limiting phenomena on the membrane thickiseguite L ’

. ) . errors are within the symbol size.
obvious. Interfacial mass transport resistance tbabecome
negligible with respect to bulk resistance with therease of .yntent (see Isat al.'’, Cheahet al.’s, Kreueret al.®> and

the path length of water molecules across the pelypase. references therein). The invoked reason is the libpbicrease
Otherwise, relationships with the external RH amstusually ¢ \water molecules confined in the hydrophilic chels and
explained by the structural and morphological ragement of interacting with the polymer phase. But it shoutdpwinted out

the membrane surface. For example, recent AFM &sublave hat sych an explanation may lead to paradoxicatlosions
shown that the surface of Nafion exhibits consistess of \ynen dealing with proton migration in diluted asidlutions!*

- 54 A .
hydrophilic area at low RF. _ o Further, the I,q increase with water content would deny the
A key result of flow measurements is to highligtifferent proton transport mechanisms most commonly accefoed
water transport abilities of the asymmetric bi-layeembrane jonomers. A number of experimeriaand simulatiof? studies
depending on the positioning with respect to themal water itest that the motion of the excess positive ahargoss the
activity gradient. As previously mentioned, highfesws are memprane results from the contribution of two medsras: the
observed when the Aquivion layer is placed at tessl yepjcle diffusion of hydronium ions 4%, occurring at low
humidified side of the cell. However, flows staywier than hydration, and the Grotthus (or structural) mecsiami
those measured with the symmetric bi-layer entireigde of apnearing and progressively prevailing with theéase of the
Aquivion. Otherwise, water flows measured with tegersed ggrped water amount. The latter mechanism occurs b
assembly (Nafion at the dry side) are almost theesas those hydrogen-bond breaking and forming processes, withuet
observed with the Nafion symmetric b|-Ia_1yer. Théfadence fio\ of water molecules. This implies that the éleosmotic
between the two asymmetric b|-Iayers_ increases Wik §raq coefficient should stay between the limit esl@< Krag <
Then, water flows crossing the asymmetric membegpear to | gnqg progressively decrease with the ionomer higiraas
be limited by the hydration state of the layer witie lower ,ciyally observed in Fig. 9. More particularly, endthe
water sorption ability, that is Nafion. experimental conditions applied in this study,(J, the most of

3.2.2 ELECTROOSMOTIC DRAG. Fig. 9 reports the Kqg samples exhibit k4 coefficients around 0.5 at the lowest wate:
evolution with 4> of the different single- and bi-layers gntent (2> =

) _ = 2). This corresponds to the equivalen.
membranes investigated here. As for water flowsswesl at .ontripution of each mechanism to the proton migrsite. half
no-current conditions (but with the opposite trend)ater

of protons moves as{4@*. Lower values are observed for the
transport by proton dragging appears strictly eglato the aquivion single- and symmetric bi-layeis. the membranes
ionomer hydration state: 4 decreases with the increase of thg;ii, the larger water volume fraction, allowing t@rotthus
water molecule number and, for the saes larger for Nafion yachanism to prevail since the lowest hydrationtesta
containing membranes. This behavior agrees withpoewvious Anyhow, Fig. 9 shows that structural migration paity
results, obtained with a large number of singlesfafFSA and increasingly fromh = 3 for all membranes.

hydrocarbon ionomers submitted to various expertalen 1,4 important features in Fig. 9 are: (i) the camgbility
conditions of T, RH antl***?However, it should be mentioned, Karag measured with the asymmetric membrane differentl

that the most of studies published by others ref@rtopposite grented: (ii) the coincidence between these valaes those
trendi.e. Kyagincreases with the increase of the ionomer water

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9
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observed for the symmetric Nafion bi-layer. The coon trend
is the Ky,gdecrease from ~0.55 to ~0.10 in the hydration ean
A = 2-9. This shows that the orientation of the asatnic bi-
layer assembly has no effect on the net electrobsmvater
flow, which is instead imposed by the ionomer vttile higher

Chemical Physics Page 10 of 17

10a and b, respectively. Even if the operating d@rds differ
due to the specific experimental set-up (see se&ib), results
are qualitatively consistent with those obtainedthwihe
conventional cell working at representative temperm and
feed gas stoichiometry (section 3.Better electrochemical

Karag because of reasons related to the mass conservatierformances, related to lower ohmic losses, asemied when
Indeed, at a giveA, a minimum number of solvating waterthe layer with the lower EW (higher IECe. Aquivion) is

molecules is needed for the proton transport acribes
membrane with the lower water volume fraction (Mgji
because of the higher contribution of the vehiclechanism.
Since the layers are assembled in series with cedpethe
charge flow, the same water flow must also cross Ittwer
Karag layer (Aquivion), the excess water being transgbiia
diffusion.

As yet observed for water flows measured at noecur

placed at the anode side (compare Fig. 10 to Fgasnd 6).
Fig. 11 illustrates, with a selected example 22 mA cm
2), how water concentration profiles are obtainedrfiraw data.
First, curves corresponding to the apparent Ramgensities
measured for the polymer phase and sorbed waigy¢ and
Siony respectively, see Fig. S1t) at different depths ar
convoluted separately with the instrumental spregdi
function?***%4 The so obtained true intensities exhibit linear

conditions, K;.g appears affected by the membrane thickneggadients, progressively decreasing as the probesitign

Namely, lower electroosmotic water flows are obsdnfor
single-layers compared to the corresponding synimieitiayer

moves further into the sample because of Beer-Lambe

materials (compare black and white symbols of Hreesshape, 1050 o

Fig. 9). Since this difference appears to decreaih the 10004 %

membrane hydration state (at least in the casegofvfon), the 9504 "'\‘\

same surface limiting phenomena mentioned above by 900d \ - (A)Aquivion/Nafiion(C)

involved herei.e. gas/ionomer interfacial resistance to Watep>~ 850 \\ - & (A)Nafion/Aquivion(C)

transport. In this work, K,y values are obtained from the £ 4, ] '\\

measurement of the net water amount dragged adhess 8 . ] NS

membrane-electrode interfaces (see section 2.4)e Tlg 7004 \"_.‘_\..

experimental conditions and set-up are specificallﬁ 650 """'-l'-:.\-\..._:__

implemented to avoid parasitic water flows due talesired 6001 '~-;;_\ .

external water gradients (the appropriate methadeasure the 5501 "‘-\.‘._"' _

Karag cOefficient has been comprehensively discussedun 5001 ""'\.\ I

previous stud¥’). Nevertheless, different interfacial transport 450 @ e

resistances at the opposite membrane surfaces,|ynavager T y T T T T
. : . 0 111 222 333 444

desorption faster than absorptiSrgould induce internal water

gradients and consequent water back-diffusion desing the Current Density (mA cm?)

net water flow due to proton migration. In this €athe thicker 08

the membrane, the lower the internal water gradéemt, thus, ° (b)

the effect of surface limiting phenomena on the sneed Koy (7.

It should be pointed out that the occurrence offediint ‘g --®---(A)Aquivion/Nafion(C)

hindrances to water transport at the opposite sesfaf the ; 0.64 --@-- (A)Nafion/Aquivion(C)

membrane imply that electroosmotic drag coeffidemported §

in Fig. 9 may be underestimated. Anyhow, the oVerahd ? 054 o

observed, namely the 4K, decrease with the increase of the &

average membrane water content, cannot be quedtidiso, 9 044

the reported K.4 are net values when water has to cross théx_,

membrane interface and, thus, represent the apatepr % 0.3+ e

coefficient to quantify water transport in the MEAhese G P i

values, together with the flows measured at noecurr A T S *

conditions, are useful for the qualitative underdtag of the e @ &

water repartition in the working FCvia simple E) 111 252 353 44'14

phenomenological models.

3.3 Bi-layer local water content during operation

Current Density (mA cm?)

Fig. 10 (a) Polarization data and (b) specific ohmic resistivity of the PEMFC used
for in situ Raman microspectroscopy, operated at room temperature and 50%
RH for both gases. H,/0, stoichiometry: 15/60. In the legend, (A) and (C) denote
the anode and the cathode respectively.

The inner water gradient crossing the asymmetridayer
membrane under operation is measured ibysitu Raman
microspectroscopy. Polarization data and ohmicstiedly of
the single cell used for in situ-Raman are reported in Figs.

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Fig. 11 Example of experimental data treatment to obtain true water concentration profiles crossing the membrane thickness during operation: (a,b)
(A)Aquivion/Nafion(C) and (c,d) (A)Nafion/Aquivion(C) assembly. Symbols (left side) correspond to raw data (integrated signals of the polymer and water phases)
obtained when the FC operates at / = 222 mA cm?, while solid lines are the the convolution function between the true intensity profile (right side) and the

instrumental spreading function.

absorptiorf! Among others, these profiles are continubes
no loss of the spectral signal is observed at titerfiace
between the layers, showing that no disconnectionurs
during operation. Then, the ratio between the watsl the
polymer phase signals is converted into water veldfraction
and water molecule number (see eqns (5) and (6)ipae2.6).
Results are the complex, nonlinear depth-profilesorted in
Fig. 12, showing the evolution of the membrane uhieplane
water content as a function of the current dendéljvered by
the FC and of the bi-layer orientation in the MEAhe
corresponding true profiles of the polymer and wateases are
reported in Figs. S2 and S3 ((A)Aquivion/Nafion(@nd
(A)Nafion/Aquivion(C) assemblies, respectively).T

The particular shapes observed in Fig. 12 foiirther water
gradients can be hardly explained invoking thelgdl@ansport
mechanisms of back-diffusion and electroosmosisarAphe
surface limiting phenomena highlighted by the macopic

This journal is © The Royal Society of Chemistry 2012

measurements reported above (and often invoked In
literaturé*®®®3, further mechanisms affecting transport in tt.»
bulk appear much needed to understand such noarlinater
distributionse.g. convective mechanism due to the presence ¢
swelling gradients across the membrane thickfie¥sThe
introduction of internal swelling pressure gradgenas a
separate driving force for water transport has ipresty
allowed reproducing characteristic features of wate
concentration profiles across single-layer membsah8ut, in

the present case, the effect of internal pressuaglignts is
hardly predictable since not only related to theiewanctivity
difference at the opposite sides of the ionomerdsd to the
different swelling properties of the two layersidhyl stacked
together to build the asymmetric membrane. Thuggrriral
gradients of asymmetric membrane should result fribm
complex interplay between the different surfaceédbwansport
properties of the two ionomers, the different ifgeial water

J. Name., 2012, 00, 1-3 | 11
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Fig. 12 Inner water concentration profiles obtained across the thickness of the heterogeneous bi-layer membrane during the FC operation: (a,b) water content is
expressed as molecule number, (c,d) as volume fraction. Note that the different profiles end, at the right side, in correspondence with the interface with the gas
phase and can be used to measure the actual thickness of the membrane.

transport resistances occurring at the gas/laydrlayer/layer qualitative relationships between the FC perforneanand the
interfaces and the reciprocal hindrance to free llswéasic transport properties of the membraeeback-flow and
Concerning the gas/membrane interface, a last pbiotld be electroosmosis.

also considered.e. the surface modification of the polymer Unexpectedly, water profiles obtained at open uiirc
structure and, consequently, of the local wateakptdue to the voltage (OCV) exhibit inner concentration gradientsth
membrane-electrode assembly by hot compresSiorshapes analogous to those observed during the E€atam
Concluding, the understanding of inner water gnamdieacross (black symbols, Fig. 12). On the one hand, thismsedo
asymmetric membranes under operation is a taskeohighest support the observations developed abbgethe presence of
interest, but made particularly difficult by themsiltaneous anisotropic swelling strains independently from tiveternal
contribution of several, poorly known surface andkbissues. water activity while related to the multi-layer angement of
This wide matter, certainly deserving further inigstion and the MEA. On the other hand, a discrepancy is oleskrv
discussion, will be the subject of forthcoming warkHere between the average water contents of the Aquikager in the
below, we merely usén situ Raman as a probe of the locatwo assemblies. This layer exhibits higher hydratad OCV
content of sorbed water, so as to establish preimgi and when assembled as (A)Aquivion/Nafion(C) (see al&p E3),

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



Page 13 of 17

which is also attested by EIS measurements repantedrig.
10b. Then, it should be recalled that Raman measemes at
OCV are carried out after the FC operation. The brame
may not have had enough time to come back to éqiuith.
Moreover, the dependence of the equilibrium watertent on
the membrane hydrothermal history should also

Physical Chemistry Chemical Physics

the electrochemical production of water at the cdé#), the
membrane hydration decreases progressively withcthieent
increase; despite no change of the inlets RH ocdurimg the
experiment. This behaviour is common to both MEAke
reliability of these measurements is supported Hey changes
lobserved for the membrane thickness, which vareesrding

considered®®! since the bi-layer hydration has evolvetb the water content measured (Fig. 12). Dependingthe

differently during the FC operation depending ore tMEA

assembly, the overall thickness first increasesfid2-115um

orientation Yide infra). Anyhow, profiles recorded at OCVatl = 0 mA cm? to 139-142um atl = 111 mA cn¥ and, then,

allow us to attest the lowest hydration of the meank at no-
current conditions.

Fig. 12 shows that, after the initial rise of thater content
with the current appearance (corresponding to guenming of

—O— (A)Aquivion/Nafion(C)

Aquivon {

—O— (A)Aquivion/Nafion(C)
Nafion

18
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Fig. 13 Evolution of the average water content of the different layers with the
current density delivered by the FC: (a) water molecule number and (b) water
volume fraction. Red and blue symbols refer to the Aquivion and Nafion layers
respectively. Open symbols refer to the assembly with Aquivion at the anode
side and full symbols to the reversed assembly. In the legend, (A) and (C) denote
the anode and the cathode respectively.
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decreases progressively down to 124-1@7 atl = 444 mA
cm?. Further, the observed dehydration behaviour agveith
the progressive increase of the FC ohmic resigtivitith
current attested by the EIS measurements (Fig..10bg
correlation observed between loggRaman and macroscopic
EIS measurements shows that the evolution of thenbnzne
water content at the probed position (the middlehef active
surface) qualitatively correspond to that of thestnactive
surface.

The membrane dehydration with the increase ofctireent
density may be surprising when considering that B is
operated at constant gas stoichiometry and RHt helgctants
and water flows stay proportional to the amount vedter
electrochemically produced. Thus, at a given temupee, the
overall concentration of water throughout the F@uWd be
independent of the current density. Decrease of wiager
content could be observed in limited areas but hibusd
correspond to the rise of the water concentratisevehere €.9.
close to the gas outlets). The average water cobrakrihe
membrane and the global ohmic resistivity of the Aiéhould
stay constant. The dehydration behaviour obsermedid. 12,
concerning both MEA assemblies, does not appeari¢inate
from the particular properties of the membranesstigated
here but rather to depend on the FC operation nmézina The
increase of the water electroosmotic flow as theeru density
increases is usually considered to deplete wateheatanode
side”?® But this should also induce inner water gradientz
increasingly growing from the anode to the cathowiéh
current*® which is not particularly observed here. Thus, twc
concomitant phenomena seem to us reasonable taiexplke
membrane dehydration: (i) the decrease of watevdlat the
inlets due to pressure losses, (ii) the increasethef FC
temperature because of ohmic losses and overpaitenti
Despite pressure losses at the inlets are usuafieated, they
may appreciably affect the average water conceaitrahside
the cell, according to the design of the gas fdethnels. When
working at constant RH and stoichiometry, the iaseeof the
current intensity delivered by the FC corresporadthe rise of
the feed gases flow rate. Then, pressure dropsgatbe
channels may induce the gradual decrease of tllegf@ses RH
from inlet to outlet with the current increase. the present
case, preliminary measurements and calculationsv stinat
water vapour pressure losses are negligible atttoele side.
Otherwise, losses at the middle of the cathode Gidere the
depth of the channel is lower, see section 2.6)ulsho
correspond to the 5-10% decrease of the initial Wwitle
provided at the inlet when current density attaidd mA cnt.
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Anyhow, even if not negligible, this loss does rapipear to
explain alone the overall dehydration observedim E2. The
gradual increment of the internal FC temperatur@ukhoccur
concomitantly. This increment corresponds to therekese of
the feed gases RH at the actual cell
consequently, of the membrane water content.
measurements carried out during operation show that
temperature of the bipolar plates can increase f@Zgn°C
(ambient temperature) &t= 111 mA cnf up to 30 °C at =

444 mA cr?. In this case, the actual RH provided by the fee@
I
nd

gases at 444 mA/cmz? is 44% (instead of 50%). Anyvibg
actual temperature rise at the membrane is muclhapip
higher than 2 °C (and, so, the RH decrease largjage the
bipolar plates are made of stainless steel i.eo@ phermal
conductor. Moreover, the contribution of the wabeoduced
by the electrochemical reaction to the FC intefRH is also
strongly decreased with the increase of the celperature.
One of the most striking results of situ p-Raman is to
highlight the different dehydration behavior of tHdEA
depending on the bi-layer orientation. Fig. 13 camg the
evolution of the average water content of eachrlagparately
with the current density delivered by the FC, fbtie ttwo
assemblies. In agreement with polarization data 88
measurements (Fig. 10), the (A)Aquivion/Nafion(Gs@ambly
exhibits the larger average water content for altrents.
Interestingly, this larger hydration is mainly dteethe larger
water content of the Aquivion layer, the Nafiondayppearing
much less affected by the MEA orientation. Otheeyifie two
layers show almost the same water loss rate whatthe
assembly. Considering the similarity between e f(RH)
sorption isotherms of Nafion and Aquivion, this beiour

temperature, an
Indeed
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Fig. 14 Evolution of the RH in the anode (red symbols) and cathode (blue
symbols) channels with the current density delivered by the FC. The probed area
corresponds to the middle of the active surface. Open symbols refer to the
assembly with Aquivion at the anode side and full symbols to the reversed

assembly. In the legend, (A) and (C) denote the anode and the cathode
respectively.

assembly shows larger difference between the Risechnode
and cathode channels and, noteworthy, slower RHedse
with the current increase. More precisely, a desgeaf ~6.5%
units is observed at both sides, which would cqwoes to the
local increase of temperature to around 29° C. Rié

difference between anode and cathode stays betdvaad 6%.

supports the assumption of the FC heating as a m3ife reversed assembly exhibits RH decreases ohd012%

phenomenon contributing to the MEA dehydration.

units at the cathode and anode sides respecti@isesponding

The ability ofin situ p-Raman to accurately measure watep a local temperature increase to ~30° C. TRH between

contents at the micrometer scale makes this methodeful
probe of the actual feed gases RH at the investigatea. Fig.
14 reports the RH evolution with current at the dsm@and the
cathode sides, for both assemblies. RH values bhtained
from the membrane water content as measureg-Baman at
the surface swept by the hydrated gas and fromsdnption
isotherms reported in Fig. 7. Clearly, this implig® rough
assumption of the membrane surface at the equilibrvith the

the opposites sides is almost negligible (arouBdol but forl

= 444 mA cn? where difference can no more be measured
These results definitively attest the impact of thielayer
orientation on the water repartition at the opposides of the
MEA. According to the water transport propertiesabished
above by ex dtu macroscopic measurements, the
(A)Aquivion/Nafion(C) assembly has improved net arafiow
from the cathode to the anode, insuring better diyain of the

gas phasedisregarding the different surface phenomena apgt. Junget al. have recently demonstrated the importance ¥

structural modifications evoked above. Neverthelessthis
case also, the likely inaccuracy of the individiH values
does not question the general trends observed Hsasi¢he

adequate hydration of the ionomer in the anode AL the
effective FC working? Thus, a preliminary and qualitative
relationship between water transport properties tbe

different behaviours shown by the two assembliefie Tmembrane and water repartition inside the FC iabdished. A

maximum value of the apparent RH, observedl at111 mA
cm?
hydration of feed gases at the inlets. Not sunpgisithe FC
exhibits water accumulation in the gas feed chanmelthe
middle of the active surface, which is the areanehmaximum
water concentration is expected when operatindnéncounter-
flow configuration. Overall, larger RH are observad the
anode, with maximum values attained when the Aguivayer
is placed at this side. Also, the (A)Aquivion/Naf{€)

14 | J. Name., 2012, 00, 1-3

more quantitative analysis would require implentamtidata

, ranges from 95.5 to 99.5%e. largely exceeds the from the middle of the FC by probing other areasset to the

gas inlets and outlets.

4 Conclusions

The fundamental understanding of coupled chargegmas
transport processes as well as the detailed kng®ledf
specific materials response to varying operatingd@@ns is

This journal is © The Royal Society of Chemistry 2012
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extremely desired to assess the FC behavior. Marticplarly,
accurate and reliable projections of water flowsotigh the
polymer electrolyte are required to evaluate thiciehcy of
the PEMFC design. In this context, the understandamd
management of the opposite water flows induced iffiysion,
convection and electroosmotic drag across the wgrMEA is
critical.

This work, comparing the behavior of membranesufeal
by through-plane symmetric and asymmetric compmssti
represents a contribution to the accurate estabbsh of
relationships between the water transport properté the
polymer electrolyte and the FC performances. Fivgater
transport appears closely related to the hydraaioifity of the
PFSA polymer. Because of the higher water conteshated to
the higher density of sulfonic groups), Aquivi§n E79-05s
exhibits higher water transport by diffusion andwéo
electroosmotic drag compared to Naffon NRE212.
Intermediate water diffusion properties can be ioled by
coupling these different materials in the bi-layaembrane,
while electroosmosis remain unaffected and cormnedpo that
of the less-hydrated ionomer, Nafion. Namely, aswtnin
membranes exhibit larger water flows at no-curmanditions
when the Aquivion layer is placed at the cell sidith the
lower water concentration. Then, FC
behaviours of symmetric and asymmetric bi-layefse (tast
oriented differently in the MEA) confirm that inasing the
water flows ratio between back-diffusion and elessmosis
has a beneficial effect on the electrochemical grerinces.
Thus, as far as the asymmetric membranes are cwthdretter
performances are obtained by placing the layer Wighhigher
hydration ability (Aquivion) at the anode side situ Raman
microspectroscopy shows that this MEA configuratailows
raising the average water content of the membrameéeru
operation and, more particularly, the hydratiortheg interface
with the anode. Proton conductivities of both thec&olyte and
the anode AL are improved and the FC operationlte$ess
affected by the increase of ohmic losses with tluerent
density. Further, the observation that the diffeemnbetween
the performances of the various MEA here investidaare
enhanced when the FC works under “dry” conditionggests
that improved water back-flows together with
elecroosmosis also allows a better (less heteragysyeon-

plane water repartition in the cdlle. increased water content atUMZ)

the inlet anode side and decreased water accuwnlati the
outlet cathode side.

In perspective, this work highlights that waterck#&ows
across the membrane can be improved, at a givenbRRkhe
deposition of thin surface layers with increase@,placed at
the FC anode side. More generally, some manageoheveter
flows can be achieved in the operating FC by usiegnbranes
with a through-plane compositional gradient. Thian cbe
particularly interesting for limiting power lossaader specific
working conditions and for improving those matesilaving
the required features of durability and mechanjaperties

Physical Chemistry Chemical Physics

definitively state the interest of multi-layer PFS#ectrolytes
for future use in PEMFCs, since the best electroubal
performances are obtained with the homogeneousyerl
Aquivion/Aquivion i.e. the membrane with the highest water
back-flow and the lowest electroosmosis. Anyhowlager
PFSA membranes remain excellent model materigsdgress
in the wunderstanding of water transport fundament.
mechanisms and relationships with the PEMFC beliavio

For the first time,in situ Raman microspectroscopy has
been carried out across the asymmetric bi-layer Inane
during operation. The so-obtained water inner prsfiexhibit
high complexity and raise a number of questionsualibe
different mechanisms and driving forces affectimg twater
sorption and transport across the membrane. Theselts
emphasize that further experimental and theoreticaik is
needed to progress in understanding fundamentalspoat
phenomena, namely the interplay between surface barid
mechanisms and relationships with water managemer:*.
However, in situ p-Raman proves to be a unique tool to
measure the actual water content of the membramagdu
operation and, therefore, can be used as in-timeepof the
water concentration distribution along the gas feadnnels
upon varying working conditions. In perspectiveistappears

tests comparipgrticularly useful for the effective monitoring tife FC state-

of-health, since different causes of failuire, excessive drying
or flooding, lead to the same voltage drop on [sddion
curves. For future works, the specific design & BC coupled
to the Raman spectrometer will be modified as toycaut
experiments at representative conditions of tempegaand
stoichiometry, in different areas of the activeface.
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