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ABSTRACT

Spatial, quantitative, and temporal information regarding the water content distribution in the
transverse-plane between the catalyst layers of an operating polymer-electrolyte membrane fuel cell
(PEMEFC) is essential to develop a fundamental understanding of water dynamics in these systems.
We report 'H micro-magnetic resonance imaging (MRI) experiments that measure the number of
water molecules per SOsH group, A, within a Nafion®-117 membrane between the catalyst stamps of
a membrane-electrode assembly, MEA. The measurements were made both ex situ, and inside a PEMFC
operating on hydrogen and oxygen. The observed 'H MRI T; relaxation time of water in the PEM was mea-
sured for several known values of A. The signal intensity of the images was then corrected for T, weighting
to yield proton density-weighted images, thereby establishing a calibration curve that correlates the 'H
MRI density-weighted signal with A. Subsequently, the calibration curve was used with proton density
weighted (i.e., T,-corrected) signal intensities of transverse-plane 'H MRI images of water in the PEM
between the catalyst stamps of an operating PEMFC to determine A under various operational conditions.
For example, the steady state, transverse-plane A was 9+ 1 for a PEMFC operating at ~26.4 mW cm~—2
(~20.0mA, ~0.661V, 20 °C, flow rates of the dry H,(g) and O,(g) were 5.0 and 2.5 mLmin~!, respectively).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polymer-electrolyte membrane fuel cells, PEMFCs, are being
considered for transportation and related applications due to their
high-power density and relative simplicity [1-3]. The amount of
water in the gas flow fields, the gas-diffusion and catalyst layers,
and in the polymer-electrolyte membrane, PEM, strongly deter-
mines the performance of a PEMFC[4-7]. For example, excess water
in the gas flow channels or in the gas-diffusion and catalyst lay-
ers will block the transport of reactant gases, thereby reducing
the efficiency of the cell, and accelerating catalyst layer degrada-
tion. Low levels of water in the PEM decrease proton conductivity
and accelerate degradation. The distribution of water among the
components of an operating PEMFC is dynamic, and depends upon
parameters such as cell voltage, current, temperature, gas humid-
ification, gas flow rates, load variation, and PEM pretreatment
[8-12].

* Corresponding author. Tel.: +1 780 492 9703; fax: +1 780 492 8231.
** Corresponding author. Tel.: +1 780 492 4336; fax: +1 780 492 8231.
E-mail addresses: steve.bergens@ualberta.ca (S.H. Bergens),
Roderick.wasylishen@ualberta.ca (R.E. Wasylishen).

0378-7753/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.05.029

The PEM in a PEMFC acts as the proton conductor, electron
insulator, reactant gas barrier, and support of the catalyst layers
[1-3]. Resistance to proton conduction, or ionic resistance, through
a PEM is strongly influenced by its water content [12-14]. Nafion®
is the most common type of PEM used in PEMFCs, and the behavior,
nature, transport, and uptake of water in Nafion® has been exten-
sively studied [10-12]. The specific proton conductivity of Nafion®-
117 was shown to increase linearly with the number of water
molecules absorbed per SO3H group, A, after equilibration with dif-
ferent water vapor pressures at 30°C [10]. The maximum amount
of water adsorbed per SOsH group, Amax ~ 22, is obtained when the
so-called expanded, or E-form of Nafion®-117 is immersed in lig-
uid water at 27°C [10,12]. In contrast, Amax ~ 14 when expanded
Nafion®-117 is exposed to saturated water vapor at 27°C [10,12].
Expanded Nafion® can be prepared by immersion in boiling water
followed by drying under vacuum at room temperature. Drying
under harsher conditions forms the so-called normal and shrunken
forms of Nafion® which have lower values of Amax [11].

Spatial, quantitative, and temporal information regarding A
in the region of PEMs between the catalyst layers of operating
PEMEFCs, that is, within the membrane-electrode assembly, MEA,
is necessary to develop a fundamental understanding of water
dynamics in these systems. Such a fundamental understanding
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will aid the development of improved membranes, the model-
ing of water dynamics in PEMs under load, and the optimization
of PEMFC performance, lifetime, and design [1-3,13,14]. Various
experimental techniques are being developed to investigate water
in different components of operating PEMFCs. These methods have
recently beenreviewed[15,16]. The methods thatinvestigate water
in PEMs between the catalysts layers of MEAs include ionic conduc-
tivity measurements [17-25], neutron imaging [26-34,21], X-ray
diffraction studies [35-37], micro-Raman measurements [38], flu-
orescence spectroscopy [39], interferometric tomography [40], 'H
magnetic resonance imaging (MRI) [41-51], and infrared spec-
troscopy [52].

A major advantage of MRI is that it allows one to observe the
in situ water distribution in the transverse-plane (also referred to
as the in-plane distribution) of the membrane within the MEA
between the catalysts of an operating PEMFC [48-50]. In other
words, one is observing the in-plane water density, as opposed
to looking at the membrane edge-on. Such observations are crit-
ical because the transverse-plane distribution of water within the
PEM between the catalyst layers of an operating PEMFC is often
not homogeneous. This distribution depends upon factors includ-
ing the relative flow directions and rates of the anode and cathode
gas streams, catalyst stamp edge effects, membrane deformations
(e.g., swelling, bending or buckling), the presence of liquid water
drops in contact with regions of the membrane, grooves in the gas
flow channels, and inhomogeneities in the gas-diffusion layers and
catalyst stamps. In fact, it seems unlikely that a homogeneous in-
plane distribution of water exists in the PEMs of operating fuel
cells with liquid water present in the GDL or gas flow channels.
One-dimensional, edge-on observations of water in PEM’s are not
currently suited to observe transverse-plane inhomogeneities in
water distribution. Several groups have reported in situ localized
PEM ionic resistance studies that were carried out with electrode
arrays [21-24]. Three types of direct observations of transverse-
plane distributions of water in the PEM of a fuel cell have been
reported. A 2006 report describes neutron scattering experiments
to observe water in the transverse-plane of a Gore™ 5510 PEM
within the MEA of a PEMFC [53]. These observations were made
after the PEMFC was stopped, and the liquid water was flushed from
the flow fields and gas-diffusion layers. A recent, preliminary report
describes interferometric tomographic observations of changes in
water content in a Nafion® membrane within a non-operating fuel
cell [40]. There are several reports of in situ observations of the
transverse-plane PEM distribution of water within the MEA of PEM-
FCs under a variety of operating conditions and varying loads using
MRI [48-50,54]. Most of these MRI investigations are qualitative
(e.g., Refs. [48-50]). Tsushima et al. [54] investigated the in-plane
water distribution using MRI; these authors provided quantitative
results although details of how such information was obtained were
not offered.

To our knowledge, 'H MRI is the only reported spectroscopic
technique to make in situ observations of transverse plane H,O in
the PEM between the catalysts of an operating fuel cell. To obtain
the in-plane water content in the PEM of an operating PEMFC, a cal-
ibration curve that relates signal intensity of '"H MRI images to A is
necessary. Dunbar and Masel [41,55] quantified the 'H MRI signal
for water using water-filled capillaries placed in the cell housing as
the calibration standards. Tsushima and coworkers [56-59] used a
calibration curve obtained from 'H MRI images of an MEA exposed
to reactant gases with known relative humidity to quantify the
through-plane absolute water content distribution. One drawback
of these calibration methods is the neglect of nuclear spin relax-
ation effects on the signal intensity of the 'H MRI images. As noted
by Zhang et al. [51], the signal intensity of the 'H MRI images for
water in the PEM of operating PEMFCs is influenced by the local 'H
T, relaxation times. Inherent in MRI experiments is a delay between

NMR signal excitation and signal acquisition (i.e., the so-called echo
time) which results in an attenuation of the signal intensity of MRI
images. Single point imaging methods [60,61] based on pure phase-
encoding and ultra-short echo time MRI pulse sequences [62,63]
are examples of MRI techniques that allow experimentalists to use
short (e.g., 1 ms) or ultra-short(e.g., 100 p.s) echo times to minimize
the effects of T, weighting. However, if the protons present have a
short T, value relative to the echo time, the effect of T, relaxation
on the signal intensity must be taken into account if quantitative
results are desired. Corrections for 'H T, relaxation are critical in
any discussion of water quantification using MRI.

In this work, 'H micro-MRI experiments were used to determine
A in the Nafion® membrane of an operating PEMFC. A calibration
curve that relates A with 'H density-weighted signal intensity of
the corresponding 'H MRI image was first established on a PEM
with catalyst stamps outside of the PEMFC. Subsequently, this cali-
bration curve is used to determine in situ A values in an operational
PEMEFC.

2. Magnetic resonance imaging (MRI) background

Magnetic resonance imaging, MRI, is a powerful non-invasive
visualization technique that is widely used in medicine [64]; how-
ever, the technique is also finding a wide range of applications in
materials science [65-68]. Most MRI experiments are designed to
provide two-dimensional profiles or “pictures” of 'H (proton) den-
sity in an object. Because water is the most abundant source of
protons in the human body, it is water that is detected in most
MRI experiments. Applications of MRI to specifically monitor water
in operating fuel cells have recently been reviewed by Feindel et
al. [49] and by Tsushima and Hirai [59]. Although the fundamen-
tal principles and important parameters necessary to perform MRI
experiments are outlined in the latter two reviews and numer-
ous textbooks, it is important to remind readers of some of theses
parameters.

When an object containing protons (e.g., water) is placed in the
strong applied magnetic field, By, necessary for conducting an MRI
experiment, it takes a finite time for the bulk magnetization of
the object to approach thermal equilibrium. The first-order time
constant that describes the process by which the magnetization of
the proton nuclei (i.e., "H) approach thermal equilibrium along the
direction of the applied magnetic field is the spin-lattice relaxation
time, T;. This magnetization along the direction of the applied mag-
netic field is referred to as the longitudinal magnetization. In time
3T, the longitudinal magnetization will be approximately 95% of
the equilibrium value while after time 5T7, this value will be 99.3%.
In practice, spin-lattice relaxation times are measured using the
inversion-recovery pulse sequence [65-67]. For pure liquid water
at 293K, the T;('H) is approximately 3 s; if the rotational motion
of water is partially restricted, the T;('H) values tend to decrease.
In MRI experiments it is desirable to manipulate the equilibrium
or near equilibrium magnetization, thus the time constant, Ty is
important (vide infra).

The spin-spin relaxation time, T, describes the first-order
time constant that governs the bulk magnetization vector in the
plane perpendicular to the applied magnetic field (the so-called
transverse magnetization in the xy-plane). For pure water, T, is
approximately 2's, and this value decreases as water mobility is
impeded [69]. Experimentally, T, values are measured with the
basic spin-echo (SE) pulse sequence originally described by Hahn
[70], or with some minor variation thereof [71,72]. The SE exper-
iment forms the basis of the imaging pulse sequence used in the
present investigation.

The MRI experiment involves applying a series of RF pulses that
perturb the “equilibrium” longitudinal magnetization, M. In order
to obtain reasonably quantitative measurements of proton (water)
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Table 1
TH T;,ps Values for the PEM at various A values.
A TZ,obs (lTlS)
115+ 0.5 40 + 2
10.5 £ 0.5 35+3
9.5+ 0.5 30+ 4
89+ 0.5 29+3
8.3+ 0.5 28 +3
7.3 +£0.5 25+ 4
6.0 £ 0.5 20+ 3

density, it is important that the time between perturbing RF pulses,
TR, be greater than 3T;. Also, inherent in any MRI experiment is the
finite time between RF excitation and signal acquisition, TE. Since,
one detects the net magnetization in the xy-plane, it is important
that TE be as short as possible, certainly much less than T,. The
“observed” or measured transverse magnetization is given by:

Myy(0bs.) = Myy(t = 0)exp(—TE/T,) (1)

For a complex system such as water distributed in a Nafion®
membrane of an operating fuel cell, there will undoubtedly be a
distribution of T, values. In membrane regions of high water con-
tent, the 'H T, values are expected to be long, whereas in regions of
low water content the T, values may be short [73]. Clearly, the H
T and T, values will be greater the larger the value of A—the num-
ber of water molecules per SOsH group. Finally, it is well known
that the conductivity of Nafion® increases with water content
[10-12].

Further details concerning MRI parameters can be found in our
review and references there-in. Also, the review of Mauritz and
Moore [14] is an important source of information about the state
of water in Nafion®.

3. Experimental
3.1. Ex situ determination of A in the Nafion®-117 membrane

The Nafion®-117 membrane with an equivalent weight of
1100 gequiv—! and a thickness of 7mil (i.e., 178 um) was used
to fabricate the MEA. The MEA was assembled by hot-pressing
at 120°C [74] with unsupported HiSpec 1000 Pt black and HiS-
pec 6000 Pt-Ru black for the cathode and anode catalyst (loadings
~2-3mgcm~2), respectively. The geometric area of the catalyst
decals is ~0.5 cm?2. A roughly square PEM (~0.8 cm sides) contain-
ing the MEA was used in the experiments to determine the A values.
The sides of the PEM were slightly larger than the diameter of the
MEA. The MEA and surrounding PEM were dried and heat-pressed
at 120°Cin the preparation of the MEA. The MEA was saturated by
immersion in distilled water at room temperature for ~1 h for the
maximal uptake of water. It was then blotted dry to remove the
excess surface water and quickly put into a sealed glass container.
In each case the MEA was weighed in the container, and the sealed
container was then immediately inserted into the MRI resonator.
PEMs with A values between zero and saturation were prepared
by partial dehydration of the saturated PEM. Each experiment was
repeated five times to ensure consistent results. Complete dehydra-
tion of the PEM was achieved by first drying it at room temperature
for 24 h and then at 105 °C for 1 h in a vacuum oven [12]. The mass-
difference between the wet and dry PEM and the equivalent weight,
EW, of Nafion®-117 were used to determine the A values (Table 1).
The EW in gequiv~! of a polymer membrane can be expressed:

EW = 100n + 446 2)

where n is the number of tetrafluorethylene groups on average
per perfluoro-sulfonylfluoride ethyl-propyl-vinyl ether (PSEPVE)

Fig. 1. Schematic of the PEMFC assembly indicating the location of various compo-
nents and the orientation of the cell with respect to the external applied magnetic
field, Bo.

monomer. With known n values, the molar mass of the PSEPVE
monomer can be calculated. This information, together with the
mass of the dried PEM and the mass of water, was used to determine
the A values.

3.2. Operating PEMFC

The design and experimental set-up of the PEMFC used in our
lab are described elsewhere [49,50]. As shown in Fig. 1, the MEA is
sandwiched between Toray TGP-H-060 gas-diffusion layers (GDLs)
with its plane parallel to the applied magnetic field, By. Reac-
tant gas flow channels are compressed against the GDLs, with
adjustable co/counter-flow configurations. Before operation, the
PEM was humidified by filling the anode gas flow field with water.
After humidification, the cell was operated on pre-purified Hy(g)
(99.995%) and industrial-grade 05(g) (99.0%), supplied at ambi-
ent pressure to the PEMFC from compressed gas cylinders via flow
meters. Unless otherwise stated, the flow rates of the dry H,(g) and
0,(g) were set to 5.0 and 2.5 mLmin~!, respectively. The electrical
load was controlled using a variable resistor, and the voltage and
current were monitored using Radio Shack 22-805 multi-meters.
The cell was operated at 20°C.

3.3. Proton MRI experiments

Proton micro-MRI experiments were performed using a 7.05T
(300.17 MHz for 'H) wide-bore (89 mm) superconducting magnet,
a Bruker Avance 300 console, a Micro-2.5 imaging accessory, and
a 30 mm birdcage resonator. The water-cooled gradient unit was
maintained at 20°C for all the imaging experiments. For ex situ
determination of A as described in Section 3.1, the capped glass
container containing the PEM was inserted into the resonator and
its location was carefully adjusted so that the PEM was positioned
approximately at the iso-center of the resonator with its plane
perpendicular to By. For imaging experiments on the operating
PEMEFC, the cell assembly was carefully positioned and orientated
within the birdcage resonator and the gradient set to yield the best
sensitivity. In all imaging experiments, a multi-slice multi-echo
spin-echo imaging pulse sequence (MSME) was used to acquire
images from a 30mm x 30 mm field of view. Each image was
obtained in a single MSME experiment with eight echoes acquired
after each excitation. 128 frequency and phase-encoding steps
were used, yielding an in-plane pixel size 0f 0.234 mm x 0.234 mm.
The slice thickness was 0.5 mm. The time between 'H NMR signal
excitation and acquisition of the first echo, TE, was 3.2 ms. The repe-
tition time between successive 'H NMR signal excitations, TR, was
1.0, resulting in a total time of 128 s per image acquisition. The
receiver bandwidth was approximately 101 kHz.
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4. Results and discussion
4.1. The calibration curve

The XA values, determined by mass-difference, for different
hydration levels of the PEM are shown in Table 1. The maximal rehy-
dration of the PEM at ambient temperature resulted in a A value of
11.540.5. Nafion®-117 is known to have A values in the range of
~2-22; however, if the membrane is dried at a temperature greater
than 105°C, the maximum A value at a rehydration temperature
lower than 30°C is approximately 12 [10,12]. The MEA used here
for establishing the calibration curve was prepared by hot-pressing
the catalyst stamps into the membrane at 120°C, and the resul-
tant maximal water uptake reported herein agrees well with that
reported in the literature [12]. Note that there is PEM beyond the
MEA catalyst decals; X is anticipated to be the same for the PEM
contained in the MEA and the PEM beyond the decal since they
were both hot-pressed in the preparation of the MEA. Indeed, as
shown in Fig. 2(a), the difference in T,-weighted 'H MRI intensity
between the two areas is less than 10%.

The signal intensity of the 'TH MRI images of the PEM at var-
ious A values was determined from the region of interest (ROI)
(Fig. 2(a)), which is restricted to the MEA area and contains the
PEM between the catalyst layers. This area of the PEM was selected
because it has the greatest influence on cell performance. In the
analyses of the 'H MRI images of the operating PEMFC, the ROI
used was the same as that used in our previous work [49,50,75,76].
Note that the TH NMR signal for H,0 in the GDLs and catalyst lay-
ersis not observed due to magnetic susceptibility variation induced
frequency shifts, in addition to rapid NMR relaxation processes. As
a result, signal intensity in this ROI represents water in the PEM
between the attached catalyst layers.

The signal intensity of a 'TH MRI image is influenced by factors
such as the local proton density and relaxation time constants (e.g.,
TH T; and T>). To ensure that the intensity accurately represents
the local proton density, weighting factors other than that from the
proton density must be removed. T;-weighting can be eliminated
using a TR greater than 5T;. NMR studies of Nafion® membranes
showed that water molecules in these membranes are character-
ized by mono-exponential 'H T; and T, values, and that the 'H T;
values are typically less than 200 ms [77,78]. In the case of operat-
ing PEMFCs, the presence of paramagnetic components in the MEA
(e.g., catalysts, 0,(g)) may further reduce the 'H T; values. Con-
sequently, a TR value of 1.0s is sufficient to remove T;-weighting
and was used for the imaging experiments reported herein ('H MRI
experiments using a TR of 5.0 s for the PEM with maximum water
content yielded the same result). Dephasing of the transverse mag-
netization, resulting in a decay of the NMR signal, can be caused
by many factors. For example, By field inhomogeneity and local
magnetic susceptibility variations enhance dephasing of the trans-
verse magnetization, in addition to homogeneous, irreversible T,
relaxation. Also, diffusion of water molecules within the PEM atten-
uates the transverse magnetization due to the random movement
of water molecules through local magnetic field variations. In the
case of operating PEMFCs, proton conduction from the anode to
the cathode and the associated water-transport processes may also
affect the transverse magnetization. Some dephasing of the trans-
verse magnetization, such as that caused by By field inhomogeneity,
can be reversed using a SE MRI experiment. To a good approxima-
tion, the inter-play of all these attenuation mechanisms results in a
single observable (apparent) 'H T, value for water molecules in the
PEM; this value is different from the intrinsic 'H T, value and will
hereafter be denoted 'H T; 4,5. The observed 'H T, value, T, gps(x,
y), obtained from a SE experiment, was assumed to account for the
various transverse magnetization attenuation mechanisms. For a
TH MRI image obtained using a SE pulse sequences with TR > 5Tj,

Fig. 2. (a) 'H MRI image of the PEM with A =8.9 4+ 0.5 showing the region of inter-
est, ROI, which corresponds to the area of the catalyst decal. (b) 'H MRI images of
the ROI from the PEM at eight different echo times (i.e., TE values). (c) Intensity of
the '"H MRI images of the ROI vs. TE. The relaxation decay curve was fitted with
a single-component exponential decay function. Image acquisition parameters: (a)
SE, TR=1.0s, TE=3.2ms, FOV =30 mm x 30 mm, pixel size =234 um x 234 wm, slice
thickness = 0.5 mm, eight echoes per image, one average. (b) Same as (a) except one
image for each echo with varying values of TE.

the intensity of the signal for a pixel can be expressed as:

S(x,y) o po(x, y) exp(—nTE/ T ops(X, ¥)) (3)

where S(x, y) is the signal intensity of the pixel, p(x, ¥) is the local
proton density, and n is the echo number.

TH Ty s values for the PEM at various A values were measured
using a multiple-echo SE pulse sequence [65]. Using this pulse
sequence, eight echo images were acquired and the signal inten-
sity of the images were modulated by exp(—nTE/T, ops), Where n
ranges from 1 to 8, and TE=3.2 ms (see Fig. 2(b) where A =8.9+0.5).
The decay of the transverse magnetization was fitted by a single
exponential decay function (Fig. 2(c)). The determined 'H T, gps
values are shown in Table 1; the data indicate that the value of
TH T, ops increases with the hydration level of the PEM, which is
consistent with findings by Zhang et al. [51]. Nafion® membranes
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Fig. 3. Calibration curve relating the relative signal intensity of the '"H MRI images
to the A values. This curve was determined using an unassembled PEM containing
the MEA.

consist of at least three structurally-distinct phases and, when A > 5,
water begins to fill the pores in the membrane to form pathways as
opposed to solvating the ionic groups. As A becomes larger, water
in the membrane is more bulk-like and as expected has longer 'H
Ty obs Values.

The intensities of the eight echo images were used to calculate
the 'H T, ps value for each PEM with known A. The signal inten-
sity of each echo image represents a fraction of the proton density,
So (n=0in Eq. (3)), and thus the individual images resulting from
each echo could then be corrected to 'H density-weighted images.
Likewise, having determined the TH T, o value, the intensity of the
image resulting from a sum of the eight individual T ,s-weighted
images was corrected using the appropriate weighting function

(i.e. S(x,y) « p(x, y)Z exp(—nTE/Ty gps(x, ¥))) to determine the

n

proton density image. Fig. 3 shows the correlation between the
A value and the corrected intensity of the corresponding 'H MRI
image. As expected, an approximately linear correlation between
the proton density-weighted image intensities and A was observed.
Note that, when A < 6, weak 'H NMR signal prevented the extension
of the calibration curve (Fig. 3). In these situations, mobility of the
water molecules is likely to be more restricted, causing more rapid
decay of the transverse 'H NMR signal.

4.2. In situ water quantification

The reactant gas flow configuration (co- vs. counter-flow) of the
cell affects the amount and the in-plane distribution of water in the
PEM of an operating PEMFC. Because the counter-flow configura-
tion allows a greater level of hydration and a more homogeneous
distribution of water in the PEM than the co-flow configuration
[49,50], the counter-flow configuration was used. Prior to oper-
ating the PEMFC, the anode flow field was filled with H,O(l) to
fully hydrate the PEM. After purging H,O(!) from the anode flow
field, 'TH MRI experiments were immediately performed. The in-
plane 'H MRI image acquired from a 0.5mm slice containing the
MEA of the PEMFC is shown in Fig. 4(a). As discussed in Section 3.1,
the ROI in the "H MRI image of the fully hydrated PEM within the
PEMEFC is restricted to the MEA area (Fig. 4(b)), which is approxi-
mately 0.5 cm?. The ionic conductivity in this area of the PEM has
the greatest influence on cell performance; increased conductivity
leads to higher currents and the production of more water at the
cathode. The 'H T, ops value for the fully hydrated PEM in the PEMFC
was determined to be 38 + 3 ms. The 'H T, 4, corrected intensity of

Fig. 4. (a) In-plane 'H MRI image of the PEM in the PEMFC showing the MEA
(i.e., the ROI). (b) '"H MRI image of the ROI in the PEMFC after full hydration of
the PEM. As described in the text, A=11.5+0.5 and T;ps =38 £3 ms. (c) 'H MRI
image of the ROI in the PEMFC operating at ~26.4 mW cm~2 (~20.0 mA, ~0.661V)
in the self-determined steady state. A=9.0+1 and T ops =25 +4 ms. Image acqui-
sition parameters for (a-c): SE, TR=1.0s, TE=3.2 ms, FOV =30 mm x 30 mm, pixel
size =234 pm x 234 pm, slice thickness =0.5 mm, eight echoes per image, one aver-
age.

the ROI was taken as the intensity that can be assigned to the fully
hydrated PEM (i.e.,, A = 11.5 £ 0.5) in the PEMFC. The 'H T o5 values
and subsequently the 'H T; 4,5 corrected signal intensity of the ROI
of the PEM in the PEMFC under various operational conditions can
be obtained using the aforementioned procedures. The corrected
intensity for each operational state can be compared against that
for A=11.5+0.5 to determine the relative signal intensity, and this
ratio can then be used as the input to the calibration curve to derive
the in situ A value for this operational state.

As an example, the in situ A value for the MEA operating at a
power output of ~26.4mW cm~2 (~20.0mA, ~0.661 V) was deter-
mined after the cell reached a self-determined steady state of water
in the MEA. Once the PEM is fully hydrated and operation of the cell
starts, the water content in the PEM is self-adjusted as the electro-
chemical reaction proceeds. The dry reactant gases entering the
flow channels draw water from the PEM and thus deplete water in
the PEM. However, this is countered by water that is produced at
the cathode, which can back diffuse from the cathode to the anode
driven by the concentration gradient. Water is also transported
from the anode to the cathode via electro-osmotic drag during the
operation of the cell. All these processes are taking place simultane-
ously during the operation of the PEMFC, resulting in a steady state
of water in the PEM. For the PEMFC operating at ~26.4 mW cm2
(~20.0mA, ~0.661 V) in the steady state, the TH T ops was 25 + 4 ms
yielding arelative intensity of 0.71 + 0.09. Using the calibration plot
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shown in Fig. 3 leads to a A value of 9 + 1. This value was obtained
for the ROI (Fig. 4(c)), but could in principle be obtained for any
specific region in the transverse-plane of the PEM.

5. Conclusions

These results demonstrate the in situ measurement of the
transverse-plane A within a Nafion® PEM between the operating
catalyst layers of a PEMFC using 'H MRI. Calibration curves that
correlate A with intensity of proton density weighted MRI images
can be established under a variety of conditions. It is important that
the history, pre-treatment, and the preparation of the MEA used to
establish the calibration curve of relative 'H NMR signal intensity
versus A matches those of the MEA in the operating fuel cell. Exper-
iments are under way in these laboratories to use this technique
to create in situ spatial and temporal maps of transverse-plane A
values within operating MEAs under a variety of operating condi-
tions. The goal is to establish a fundamental scientific and practical
understanding of water behavior in PEMFCs that can be applied
to new PEMFC materials and designs, including PEMs that con-
tain C-H bonds. Such a goal requires simultaneous measurement of
water within all parts of the PEMFC. MRI currently provides in situ
distribution of water within the flow field and the PEM of an oper-
ating PEMFC. Combinations of MRI, other experimental techniques
reported in the literature, and modeling will lead to fundamental
understandings of water within these systems.
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