
Accurate measurement of the through-plane water content of proton-
exchange membranes using neutron radiography
D. S. Hussey, D. Spernjak, A. Z. Weber, R. Mukundan, J. Fairweather et al. 
 
Citation: J. Appl. Phys. 112, 104906 (2012); doi: 10.1063/1.4767118 
View online: http://dx.doi.org/10.1063/1.4767118 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v112/i10 
Published by the American Institute of Physics. 
 
Related Articles
Investigation into the gas diffusion electrodes of polymer electrolyte membrane fuel cell under long-term
durability test 
J. Renewable Sustainable Energy 2, 013110 (2010) 
Synthesis and characterization of proton conducting inorganic-organic hybrid nanocomposite films from mixed
phosphotungstic acid/phosphomolybdic acid/tetramethoxysilane/3-glycidoxypropyltrimethoxysilane/phosphoric
acid for H2/O2 fuel cells 
J. Renewable Sustainable Energy 1, 063106 (2009) 
Performance comparison between planar and tubular-shaped ambient air-breathing polymer electrolyte
membrane fuel cells using three-dimensional computational fluid dynamics models 
J. Renewable Sustainable Energy 1, 023105 (2009) 
Proton exchange membrane fuel cell modeling based on adaptive focusing particle swarm optimization 
J. Renewable Sustainable Energy 1, 013105 (2009) 
Proton exchange membrane fuel cells with chromium nitride nanocrystals as electrocatalysts 
Appl. Phys. Lett. 91, 163103 (2007) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=D. S. Hussey&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=D. Spernjak&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. Z. Weber&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. Mukundan&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Fairweather&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4767118?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v112/i10?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3328051?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3278517?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3114443?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3081507?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2800288?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Accurate measurement of the through-plane water content
of proton-exchange membranes using neutron radiography

D. S. Hussey,1 D. Spernjak,2 A. Z. Weber,3 R. Mukundan,2 J. Fairweather,2 E. L. Brosha,2

J. Davey,2 J. S. Spendelow,2 D. L. Jacobson,1 and R. L. Borup2

1Physical Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg,
Maryland 20899, USA
2Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
3Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory, Berkeley,
California 94720, USA

(Received 1 June 2012; accepted 12 October 2012; published online 28 November 2012)

The water sorption of proton-exchange membranes (PEMs) was measured in situ using high-resolution

neutron imaging in small-scale fuel cell test sections. A detailed characterization of the measurement

uncertainties and corrections associated with the technique is presented. An image-processing

procedure resolved a previously reported discrepancy between the measured and predicted membrane

water content. With high-resolution neutron-imaging detectors, the water distributions across N1140

and N117 Nafion membranes are resolved in vapor-sorption experiments and during fuel cell and

hydrogen-pump operation. The measured in situ water content of a restricted membrane at 80 �C is

shown to agree with ex situ gravimetric measurements of free-swelling membranes over a water

activity range of 0.5 to 1.0 including at liquid equilibration. Schroeder’s paradox was verified by in situ
water-content measurements which go from a high value at supersaturated or liquid conditions to

a lower one with fully saturated vapor. At open circuit and during fuel cell operation, the measured

water content indicates that the membrane is operating between the vapor- and liquid-equilibrated

states. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4767118]

I. INTRODUCTION

Sufficient ionomer hydration is required for high perform-

ance operation of proton exchange membrane fuel cells

(PEMFCs). Hydration of the electrolyte membrane and catalyst-

layer ionomer is necessary for adequate ionic conductivity.

From this constraint along with the need to prevent water from

blocking oxygen access to the reaction sites stems the issue of

water management in PEMFCs, one of the critical topics in opti-

mizing cell performance. Furthermore, the hydration state of the

membrane affects the water transport within the cell, as both the

diffusion and electro-osmotic coefficients depend on water con-

tent.1 The water uptake of a membrane is conventionally meas-

ured ex situ by weighing free-swelling samples equilibrated at

controlled water activity and in PEM is measured as a ratio, k,

of moles of water per moles of sulfonic acid site.2–4

Neutron imaging has been used extensively in water-

management studies due to its ability to measure water con-

tent in an operating fuel cell. The spatial resolution of this

technique has been improved by a factor of 20 over the past

four years, thus enabling the resolution of the water distribu-

tion along the critical through-plane direction.5,6 This also

provides important model validation data. One of the earliest

efforts at comparing a through-plane simulation to neutron-

radiography data revealed that the presence of a thermal

gradient transported significant amounts of water through the

cathode gas-diffusion layer (GDL), which was termed phase-

change-induced flow.7 While the focus of that paper was on

qualitatively matching the shape of the water content in the

GDL, there was a discrepancy in the membrane water con-

tent of about a factor of 4 between the model prediction and

the neutron-imaging measurement. A recent modeling effort

has addressed this discrepancy by introducing a scaling

parameter to match the data.8 However, there are several sys-

tematic effects in the neutron-radiography experiment that

were not fully understood at the time of publication,5,7 which

affect the quantification of the membrane water content. It

should be emphasized that the qualitative trends that were

examined in Weber and Hickner7 are not impacted by these

systematic effects in the membrane.

To determine the source of this discrepancy, a number of

calibration and water-sorption measurements have been carried

out at the National Institute of Standards and Technology

(NIST) neutron-imaging facility and improved image-analysis

methods have been developed. In the remainder of this article, a

brief overview of the NIST neutron-imaging facility and a dis-

cussion of measuring water content of a PEM and the associated

uncertainties is given in Sec. II. These water quantification

methods are applied to the water sorption of 178 lm thick

Nafion9 membrane (N117) under a range of humidity conditions

in Sec. III. In Sec. IV, the water content measured during fuel

cell and hydrogen-pump operation of a test section with a cata-

lyzed �1000lm thick Nafion membrane (N1140) is compared

to a one-dimensional model of the through-plane water content

that is similar to the one presented in Weber and Hickner.7

II. METHODS

A. NIST Neutron radiography facility

The neutron source at the NIST is a 20 MW heavy-water

fission reactor operated at 37 �C with a split-core design to
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reduce fast neutron and gamma-ray backgrounds. The NIST

neutron-imaging facility views the center of the reactor on

beam tube 2 (BT2), and a schematic layout of the facility is

shown in Figure 1. There are two main considerations for a

neutron imaging facility: the geometric blur and the neutron

fluence rate. The fluence rate determines the exposure time

to reach a given measurement uncertainty due to Poisson

counting statistics as discussed in Sec. II D 1 below. The geo-

metric blur can limit the image spatial resolution and is

described by a full-width at half max given by

kg � zðD=LÞ; (1)

where z is the separation between the detector and the object,

L is the distance between the detector and the beam-defining

aperture, and D is the size of the beam-defining aperture. In

practice, there is always a separation between the object and

the detector, and kg can limit the image resolution; thus it

might be necessary to decrease the ratio D/L to achieve a

given image spatial resolution. However, since the fluence

rate scales as (D/L)2, decreasing D to improve kg increases

image acquisition time; a factor of 2 improvement in kg

results in a factor of 4 increase in the image exposure time

required to obtain the same water-measurement uncertainty.

For high-resolution imaging of the through-plane water con-

tent in PEMFCs, the optimal aperture geometry is a slit, with

the narrow dimension of the slit parallel to the fuel cell

through-plane direction.10 The apertures currently available

at the NIST neutron-imaging-facility, and the beam proper-

ties for these are given in Table I.

B. Neutron-imaging detectors and spatial resolution

Since the neutron is a neutral particle, neutron detection

is a multi-step process: (i) absorption of a neutron; (ii) the

release of charged particles as a byproduct of the neutron

absorption; (iii) interaction of the charged particle with a

second medium, which produces either scintillation light or a

charge avalanche; and (iv) detection of the scintillation light

or charge. There are a few isotopes that have a large neutron

absorption cross-section; those most often employed in

neutron-imaging detectors are 6Li, 10B, and natGd. In the

case of neutron capture by 6Li, the emitted charged particles

are 3H and 4He with a total energy of about 4.8 MeV. In the

case of Gd, a simple description of the neutron capture is

that the decay of the excited nucleus results in the emission

of gamma rays (with up to 7 MeV in energy) and electrons,

which produce additional conversion electrons through the

Auger process with an average energy of about 50 keV.

When these isotopes are incorporated into a scintillator, the

energetic charged particles induce scintillation light; this

light is then imaged by a camera, such as a charge-coupled

device (CCD). Using modern CCDs with thin (�10 lm)

scintillators has enabled researchers to achieve image spatial

resolutions of order 10 lm.10,11

At the NIST neutron-imaging facility, high-resolution

detectors based on microchannel plates (MCPs) have been

employed.12–15 Two advantages of MCPs over CCDs include

the following. First, there is no read noise so that the uncer-

tainty is dominated by neutron-counting statistics. Second,

one can cover a large field of view while maintaining high

spatial resolution, as opposed to a changing field of view

with spatial resolution with conventional CCDs coupled with

a camera lens. The MCP glass can contain either Gd or 10B.

On neutron capture, charged particles are released that have

a range of approximately 5 lm in the MCP glass. When a

charged particle enters a pore, electrons are stripped from

the surface. A high electric field (3 kV to 5 kV) accelerates

the electrons down the channel; subsequent wall collisions

result in more electrons being stripped; thus with a suffi-

ciently long channel, the initial charge is amplified by a fac-

tor of 106 to 107. The centroid of the charge cloud is

determined with a two-dimensional (2D) position-sensitive

anode. Since the detection is event based, there is a limit to

the global count rate before events are lost due to event over-

lap. The number of lost events is characterized by the dead-

time, which is the percentage of events lost at a given input

rate. In practice, 10% deadtime loss is typically the maxi-

mum acceptable. In the work presented here, two generations

of MCP detectors have been used. The first used a cross-

delay-line anode (XDL), which had a field of view of 25 mm

in diameter, a spatial resolution of about 30 lm, pixel pitch

of 16 lm, and a 10% deadtime at an event rate of 200 kHz.6

The second generation MCP had a cross-strip anode (XS),

enabling a 10% deadtime at a 1 MHz event rate, 40 mm

FIG. 1. Schematic layout of the NIST BT2 neutron imaging facility.

TABLE I. Apertures and beam properties available at the NIST neutron

imaging facility. Apertures with only one dimension listed are circular and

the dimension is the diameter; the apertures with two dimensions listed are

slits.

Aperture dimension � L/D (x,y) Fluence Rate (cm�2 s�1)

20 mm 300 3.3� 107

15 mm 450 1.4� 107

10 mm 600 5.0� 106

3 mm 2000 5.2� 105

10 mm� 1 mm 600, 6000 7.5� 105

1 mm� 10 mm 6000, 600 8.0� 105

20 mm� 2 mm 300, 3000 3.2� 106

2 mm� 20 mm 3000, 300 3.4� 106
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diameter field of view, a pixel pitch of 5 lm, and a nominal

10 lm spatial resolution as shown in Figure 2. The deadtime

limits the field of view of the cross-strip detector to a maxi-

mum area of about 3 cm2. As an aside, the pixel pitch is the

spatial sampling period of the real, analog image; the spatial

resolution of a neutron-imaging detector is at least larger

than the pixel pitch.

The spatial resolution of a detector is typically determined

by measuring the width of a sharp edge. This edge-spread

function (ESF) in spatial coordinates is the basis for deriving

the point-spread function (PSF) and the modulation transfer

function (MTF), which is the Fourier transform of the PSF.

The quoted detector spatial resolution corresponds to the fre-

quency at which the MTF reaches 10% of its maximum value.

There are a number of functions that are used to model a

detector-system’s PSF; considered here are a Gaussian, a

Lorentzian, and a Voigt Profile (convolution of a Gaussian

with a Lorentzian). The resolution for each of these three

PSFs, characterized by a standard deviation, r, or half width at

half maximum, c, is, respectively

dGauss ¼
r pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 lnð10Þ
p ; dLorentz ¼

c p
lnð10Þ ;

dVoigt ¼
p r2

�cþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ 2 lnð10Þr2

p :

(2)

The corresponding ESF is given byðx

�1
PSFðx0Þdx0; (3)

and for a Gaussian (Lorentzian) PSF, the ESF is an error

function (arctangent); there is no simple closed form ESF for

a Voigt Profile PSF. As shown in Figure 2, the three PSF

models generate reasonable fits to the measured ESF in the

vicinity of the edge, in particular, the Lorentzian model gives

dLorentz¼ (8.2 6 1.5) lm. However, the decay of the PSF can

introduce a systematic measurement uncertainty, which

depends on many factors, including the field of view illumi-

nated by neutrons.16 The overall image resolution is a combina-

tion of the geometric unsharpness and the PSF of the detector.

If one approximates both as independent Gaussian functions,

the estimate for the overall resolution is the sum in quadrature

of d and kg. The impact of the detector PSF on the measured

water content is discussed in more detail in Sec. II D.

C. Water content measured by neutron radiography

In the case of transmission neutron radiography, the

overall interaction of a neutron with a material can be

described with a collision cross-sectional area referred to as

the total scattering cross section, rT,

rT ¼ ra þ rs ¼ ra þ rc þ ri; (4)

where ra is the absorption cross section and rs is the scatter-

ing cross section, which is the sum of the coherent cross sec-

tion, rc, and the incoherent scattering cross section, ri. In

radiography, the local transmission T(x,y) of the neutron

beam is measured. The transmission is given by the

Lambert-Beer law of attenuation

Tðx; yÞ ¼ Iðx; yÞ=I0ðx; yÞ ¼ exp½�NrTtðx; yÞ�; (5)

where I(x,y) is the background-corrected intensity in the

object state of interest (operating fuel cell), I0(x,y) is the

background-corrected intensity of the reference state (inci-

dent beam or image of a dry fuel cell), N is the material num-

ber density, t is the material thickness through which the

neutron beam passes, NrTtðx; yÞ is the local optical density

(OD), and the total macroscopic scattering cross section, R,

is given by

R ¼
X

j

NjrT;j; (6)

where the sum is over all species that compose the material.

(Some reports use the attenuation coefficient, l, equivalently

for R; for consistency within this article, we use R.) In general,

rT can depend on neutron energy, due to absorption and Bragg

scattering. In some molecular species, such as water, rT

depends on the rotational and vibrational excitation modes;

thus R is not always given by Eq. (6), rather a more compli-

cated model is required17 or calibration measurements using

well-characterized stepped wedges (Figure 3(a)) need to be

performed.18 As a final note, the contrast in a neutron image is

determined by the R of the materials present; for neutrons with

a wavelength of 0.18 nm, the total macroscopic scattering cross

section for water, aluminum, and carbon for material density at

room temperature and atmospheric pressure are approximately

0.37 mm�1, 0.009 mm�1, and 0.055 mm�1, respectively; thus

water is a factor �10 more apparent in an image than either

carbon or aluminum.

The neutron transmission through water (or through

other strong neutron absorbers) for a polychromatic beam

that is employed in high-resolution imaging is slightly more

0
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FIG. 2. (a) The line profile across a sharp Gd edge. Three system PSFs

(a Lorentzian, a Gaussian, and a Voigt profile) are used to model the meas-

ured line profile, and all three models result in a reduced v2� 1. In the case

of the Lorentzian model, the obtained half width at half maximum is

c¼ (6.0 6 1.5) lm, corresponding to a resolution of 8.2 lm with a reduced

v2¼ 0.94. In the case of the Gaussian model, the obtained r¼ (14.9 6 2.1)

lm, corresponding to a resolution of 21.8 lm with a reduced v2¼ 0.98. In

the case of the Voigt model, the obtained r¼ (9.0 6 0.4) lm and

c¼ (4.0 6 0.4) lm, corresponding to a resolution of 21.8 lm with a reduced

v2¼ 1.02. The uncertainty in the neutron counts is assumed to be from ran-

dom noise, reduced by averaging over 8 pixels.
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complicated than Eq. (5). Since the total scattering cross-

section is neutron-energy dependent, rT increases with

decreasing neutron energy. This means that the neutron

beam that emerges from a section of water has a more ener-

getic spectrum than the incident beam and is more penetrat-

ing. The result is that the optical density, �ln(T), is

nonlinear in the water thickness, tw, an effect known as beam

hardening, and is an effect frequently encountered in x-ray

imaging.19 It should be noted that while the physical proc-

esses involved in the attenuation of a neutron beam vs. an

x-ray beam are different, the fact that the cross-section

increases with decreasing wavelength gives rise to a more

penetrating beam of radiation, but the corrections developed

for x-rays may not be applicable to the neutron case. In order

to obtain analytical expressions for the effect of beam hard-

ening, the deviation from the linear relationship is modeled

with a quadratic term as shown in Figure 3 where the optical

density as a function of water thickness is modeled as

ODðtwÞ ¼ Rwtw þ bwtw
2: (7)

Rw and bw are obtained from a non-linear least squares fit:

Rw¼ (0.38483 6 0.00025) mm�1, bw¼ (�0.00947 6 0.00015)

mm�2 with a reduced v2¼ 1.3. The water thickness is then

obtained from the transmission image via

tw ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�lnðTÞ=bw þ Rw

2=4bw
2

p
� Rw=2bw: (8)

While the water content is accurately obtained, beam

hardening limits the maximum thickness of water that can be

measured. The quadratic approximation is valid for water

thickness much less than

tw
max ¼ �Rw=2bw: (9)

For the NIST high-resolution MCP detector, tw
max

¼ 20.3 mm; for a fuel cell design commonly used for high-

resolution imaging at NIST, with 1 cm wide active area (along

the beam direction) and liquid saturated, free-swelling Nafion

membrane, the maximum water thickness is about 6 mm (see

Sec. II D 6), which is well within the range of validity of

Eq. (8). The neutron scattering from typical materials used to

fabricate the fuel cell test section (Al, C, and F) is dominated

by coherent scattering, which does not contribute to beam

hardening; thus, only beam hardening due to water must be

considered in neutron imaging of PEMFCs.

D. Water-content-measurement uncertainty and
corrections

There are several sources of uncertainty in the measure-

ment of membrane water content with neutron radiography.

These include neutron counting statistics, image registration

errors, detector resolution, membrane water content in the

dry image, in-plane membrane water diffusion, and mem-

brane swelling. These sources of uncertainty are discussed in

depth below, and where possible are quantified in Table II.

1. Counting statistics

The fundamental limit to the water-content-measure-

ment uncertainty is from Poisson counting statistics. For

tw< 6 mm, the one-sigma uncertainty in the water content

can be approximated by the counting statistics due to the

operating image of the fuel cell

dtw �
1

Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ expðRwtwÞ

I0ATg

s
; (10)

where I0 is the incident neutron fluence rate, A is the area over

which the water content is measured, T is the image exposure

time, and g is the detector efficiency (nominally 20% for the

MCP detectors). As shown in Hussey et al.,18 for a fixed neu-

tron fluence rate, the uncertainty improves with longer exposure

times or larger integration areas, with water-mass-measurement

sensitivities of<100 ng possible. Since the beam-defining aper-

ture is typically a slit in high-resolution imaging of fuel cells,

it is natural to integrate the images along the in-plane direction,

so as to maintain reasonable exposure times. For the data

presented below, T¼ 30 min, A¼ 7.5� 10�4 cm2, and gI0

¼ 105 cm�2 s�1, so that dtw� 10 lm.

2. Image registration errors due to changes in the
optical axis

To obtain the water content, one must compare the dry

image to the wet image. If there is a shift in the position of

one image relative to the other, this registration error will

result in artifacts in the obtained water content. Unfortu-

nately, these shifts occur on occasion due to the operation of

-0.5
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FIG. 3. (a) Aluminum cuvette used to measure the attenuation of neutrons by

water. A lid is secured to provide a leak tight fit. The step depths are measured

optically with an accuracy of 61 lm. (b) The measured optical density as a func-

tion of step thickness. The fit parameters are Rw¼ (0.38483 6 0.00025) mm�1

and bw¼ (�0.00947 6 0.00015) mm�2 with a reduced v2¼ 1.3.

TABLE II. Percent relative error due to isolated systematic effects. In all

cases, the systematic effect results in observing less water than is actually

present.

Systematic effect

Percent relative

error in tw for k¼ 10 (20),

1 cm width Equation, Figure

Beam hardening 7% (12%) Eq. (7)

Residual water (k¼ 3) 20% (33%) Eq. (11)

Membrane swelling 19% (24%) Eq. (14)

13 lm resolution

and 50 lm

thick membrane 6% Figure 7
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the NIST reactor.20 To address this systematic error when it

occurs, the dry and wet images are normalized by the flat

field (neutron image of an empty beam) and then shifted

using linear interpolation for sub-pixel motion until the

registration errors are minimized. In addition, multiple refer-

ence images can be obtained to provide better registration

and remove the need for and uncertainty associated with

image shifting.

3. Residual membrane water content

One of the somewhat surprising effects of beam harden-

ing is that water present in the reference image changes the

conversion of optical density to water thickness, as shown in

Figure 4(a). This situation occurs in neutron imaging of fuel

cells as it is impractical to completely dry the membrane.

Hence, the residual membrane water content in a "dry" refer-

ence image needs to be quantified and accounted for to eval-

uate accurately the water content from the "wet" image.

Specifically, the change in the measured optical density due

to a residual water thickness, tr, is included in Eq. (5) as

follows:

�lnðTÞ ¼ ðRw þ 2btrÞtw þ bt2
w: (11)

To quantify the effect, the calibration measurement car-

ried out in Sec. II C (Figure 3(b)) was repeated by placing a

membrane directly in front of the cuvette and flowing

humidified gases on either side of the membrane. By varying

the relative humidity and the membrane width (i.e., thickness

in the beam direction), a range of induced residual mem-

brane water contents was obtained. Shown in Figure 4(c) is

the measured and predicted change in slope of the optical

density curve showing reasonable agreement between the

two. To obtain the membrane water content during in-situ
fuel cell operation, one must account for the residual water

both in the effect of the slope change as well as the base

water content of the membrane.

To measure this residual water, an extensive set of

ex-situ thermogravimetric analyses (TGAs) were performed

on bare Nafion membranes in conditions that mimicked the

conditions used to obtain the neutron images of the dry cell

(dry nitrogen flow at 80 �C). Shown in Figure 5 is a summary

of the water removed as a function of drying time. A Netzsch

STA-409PC TGA instrument using dry, ultra-high purity N2

as the sample purge and balance protective gas was used to

dry membrane samples with precisely determined water con-

tents. The balance was tared in a static nitrogen atmosphere at

ambient pressure (approximately 78 kPa at 2195 m elevation)

and at room temperature (27 �C). The final sample weights af-

ter sample drying were recorded under identical conditions

and balance drift was less than 0.2 mg or 0.1%. The drying

protocol included a 5 h isothermal step at 80 �C, which served

to evaluate the drying rates at conditions used to acquire the

reference "dry" image. The dry weight was determined by

subsequently drying the samples at 105 �C under vacuum

(70 kPa) for 40 h. The water content of the membrane under

equilibration with ambient air varied with environmental tem-

perature (25 �C to 30 �C) and humidity (RH ranged from 20%

to 30%), but was on average k¼ (3.64 6 0.27) mol H2O/mol

SO3H. Due to the residual water content at ambient condi-

tions, the uncertainty in the drying k typically dominates the

absolute measurement uncertainty of the membrane water

content since the typical random uncertainty is less than 1%

(see Sec. II D 1). Under typical drying conditions during

neutron-imaging experiments, the water content is reduced by

60% of the initial water content. As the initial water content

can vary due to environmental variation, one must determine

the water content in the active and gasket regions in the dry

image. The region of the membrane surrounding the active

area (Fig. 6) is not directly exposed to the gas flow, as it is

compressed between the polytetraflouroethylene (PTFE) gas-

kets and the metal plates. During the drying of the membrane

(before recording dry images), water is removed from the gas-

ket region via in-plane diffusion. In a dry image of the cell,

the membrane in the gasket region directly adjacent to the

FIG. 4. Effect of residual water in the membrane on measuring the water

content. (a) Colorized image of the cuvette with a PEMFC test section in

front showing the shift in observed optical density due to the water content

of the in the MEA. (b) The change in the observed optical density due to

beam hardening is a change in the linear term converting optical density to

water thickness. (c) This effect was measured for various membrane water

contents and compared to the prediction using Eq. (11) with no free parame-

ters. The reasonably good agreement between the data and the prediction

indicate that the residual water effect on the effective water calibration has

been adequately modeled.
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active area will have a similar residual lambda to the active

area. Residual water content under the gasket will increase

away from the active area and will remain unchanged in areas

close to the outer edges of the compression plates (Fig. 6).

To confirm that all the (physically bound) water had

been removed during the drying protocol, an additional TGA

experiment was performed using a Netzsch STA-449 ther-

mogravimetric analyzer with a Netzsch Aeolus QMS-403C

quadrupole mass spectrometer (QMS) sampling the evolved

gas from the TGA instrument through a heated capillary

transfer line (250 �C) and heated TGA furnace head assem-

bly (150 �C). The TGA-MS experiment was performed for

selected dried samples as follows: the dry samples were

heated to 150 �C at 10 �C/min and held isothermal for 7.5 h

while the TGA exhaust (purge and balance protective gas

UHP N2, ca. 100 ml/min flow rate) of the instrument was

sampled by the QMS. The recorded sample weight remained

constant during the isothermal segment while the ion-current

for water (17 amu and 18 amu) was zero. The sample tempera-

ture was ramped to 300 �C at 10 �C/min at the end of the 7.5 h

isotherm. No mass change was observed until the membrane

started decomposing at a temperature of 220 �C. Commensurate

with the weight loss due to membrane decomposition, an

increase of water, fluorine, and sulfur dioxide ion currents was

recorded by the QMS. While all the physically bound water

had been removed prior to the decomposition of the membrane,

some portion of the water ion current after the decomposition

started may be due to chemically bound water in the dry mem-

brane (corresponding to k of�1 mol H2O=mol SO3H).

4. Membrane swelling

As shown by Weber and coworkers, under normal fuel

cell assembly, a non-reinforced membrane will be in a mostly

free-swelling state in the through-plane direction, and thus

one must account for swelling when analyzing the neutron ra-

diographs of the membrane.21,22 There are two artifacts due to

membrane swelling. First, the attenuation due to just the “dry”

membrane is less when the membrane has absorbed water,

thus one would infer less water when the membrane has

absorbed water. Second, the membrane protrudes into the

GDL, compressing the GDL and so one would infer that this

region would have more water than is actually present, as well

as reducing the GDL pore volume. The water-sorption meas-

urements discussed below focus solely on the membrane

water content and ignore the issue of changes at the mem-

brane/GDL interface. To analyze the impact of swelling, the

image of the dry membrane is given by

ID ¼ I0expð�RPEM tPEMÞ expð�Rwtr � bwt2
r Þ; (12)

where RPEM¼NPEM rPEM is the total macroscopic scattering

cross section of the dry membrane; tPEM is the entire thick-

ness of the membrane through which the neutron beam

passes; Rw and bw are coefficients to convert the water thick-

ness to OD as discussed in Sec. II C; and tr is the residual

water content of the membrane discussed above. The image

of the wet membrane is given by

Iw ¼ I0 expð�~RPEM~tPEMÞ expð�Rwðtw þ trÞ

� bwðtw þ trÞ2Þ; (13)

where a “�” superscript indicates dry properties of the swol-

len Nafion membrane and tw is the additional water thickness

that is being measured. The change in neutron attenuation of

Nafion due to swelling is only a change in number density.

Inside the fuel cell, it is assumed that the in-plane dimen-

sions are fixed, so that the swelling only occurs along the

through-plane direction (i.e., the membrane thickness). This

is a valid assumption if the membrane is supported (con-

strained) by the GDLs in the active area and by the gaskets

outside of the active area and is not able to wrinkle. To cal-

culate the effect of swelling, we assume that the swelling is

linearly proportional to the water content,23 dw/w¼ g k. k is

related to the water thickness in the active area via
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FIG. 5. The average water content removed in 8 repeat measurements from

Nafion membranes during a thermogravimetric analysis simulating the dry-

ing conditions with a dry nitrogen purge used in typical neutron imaging

experiments. The 1 r uncertainty is calculated from the standard deviation

of the 8 measurements. To determine the dry weight of the Nafion,

the chamber was subsequently evacuated (70 kPa vacuum pressure) and

the temperature was elevated to 105 �C for 40 h. The initial water content

varied with environmental temperature and humidity, but was on average

k¼ (3.64 6 0.27) mol H2O/mol SO�3.

FIG. 6. Photograph of the fuel cell hardware for measuring water sorption in

Nafion at the NIST neutron imaging facility. Active area (i.e., the membrane

region exposed to the humidified gas flow in sorption experiments), denoted

by the GDL, is 2.5 cm2, with the width of 12 mm (in the beam direction).

The membrane extends across the entire face of the plate and is compressed

by the gaskets outside of the active area.
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k ¼
�Vm

�Vw

1

L=tw � ð1� vÞ

� �
; (14)

k �
�Vm

�Vw

tw
.

L
þ C ð1� vÞ tw

.
L

� �2
� �

; (15)

where �Vm and �Vw are the partial molar volumes of dry mem-

brane (550 cm3/mol) and water (18 cm3/mol), respectively,

and the degree of constraint, v, is used as in Weber and

Newman22 with v¼ 0 indicating a free-swelling membrane

and v¼ 1 indicating a fully constrained membrane (with

respect to the dry volume). Equation (15) is a first-order

approximation of Eq. (14), which enables obtaining a

closed-form expression for the effect of swelling. The

accuracy of this polynomial approximation over the range

0 mol H2O =mol SO3H< k< 26 mol H2O =mol SO3H is

improved to 65% by including a scaling of the second order

term, C� 1.6 as opposed to a maximum error of about 20%

for k¼ 25 mol H2O =mol SO3H without this ad hoc parame-

ter. Using Eq. (15) to write the change in attenuation with

respect to the dry state to second order in tw gives

~RPEM ~tPEM � RPEMtPEM

� 1� g
�Vm

�Vw
ð1� vÞ tw

L
þ Cð1� vÞ tw

L

� �2
� �� �

:

(16)

One can estimate the value for g by taking the maximum

expansion to be 0.125 under liquid saturation conditions.21

Thus, the effect of membrane swelling is to introduce both a

second source of slope change and a change in the quadratic

term in the conversion between tw and optical density, so

that the linear term is given by

Aw ¼ Rw þ 2bwtr � g
�Vm

�Vw
RPEM tPEMð1� vÞL�1; (17)

Bw ¼ bw � g
�Vm

�Vw
RPEM tPEMC ð1� vÞ2 L�2; (18)

and the water content in the center of the membrane can be

obtained by extending the correction due to the residual

water, so that

tw ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
OD

Bw
þ A2

w

4Bw
2

s
� Aw

2Bw
: (19)

5. Finite resolution

As discussed above, a large source of systematic uncer-

tainty in measuring the through-plane water content is due to

the finite image resolution. Further, as shown in Figure 7(a),

having the correct PSF model is important to interpret cor-

rectly the obtained water content. The main difference is the

decay of each PSF; since a Lorentzian decays much more

slowly, the inferred water content shows a systematic effect

even for very thick membranes; the Gaussian decays rapidly

with little effect on the measured membrane water content

for a membrane thickness of 10 lm, while the Voigt profile

is intermediate. Thus, the PSF impacts the measurement of

the water content in two ways. The first effect is that the

measured water profile will not contain discontinuous jumps

or step-like image features, for instance at the boundary of

the catalyst layer and microporous layer (MPL). Rather, an

image of a step change will be described as an error function,

with the width determined by di. At the edges of the transi-

tion, the neutron transmission significantly deviates from

that of the sharp profile. The second effect is lower observed

water content in the water profile in the through-plane direc-

tion. The size of the deviation depends on the PSF, the thick-

ness of the water along the beam path and the membrane

width (shown in Figure 7(b)), as well as the illuminated field

of view.16 In determining the water sorption (Sec. III A),

only the center section of the image of a thick membrane has

been used, so that resolution effects are negligible. In simu-

lating images from model predictions of the water content in

Sec. III B, a Voigt profile has been used to model the point

spread function of both generations of MCP detectors, the

XDL and XS.

6. In-plane water diffusion

The membrane extended across the entire plate area

(Figure 6) for sealing purposes and to help retain the mem-

brane shape (i.e., prevent wrinkling), but this introduced

additional consideration in image processing due to in-plane

diffusion of water into (or from) the portion of the membrane

under the gaskets. Since there is in-plane water diffusion,

there is a slow increase in the water content under the gasket

regions when the RH increased;24 thus, one infers higher
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FIG. 7. (a) Effect of the PSF on the measured through-plane water distribu-

tion for three PSF models: a Voigt profile, a Lorentzian distribution, and a

Gaussian distribution, for the same spatial resolution of 10 lm, as defined by

Eq. (1) and including a kg¼ 3.3 lm. (b) Effect of membrane thickness on

the inferred water content due to spatial blurring with a Voigt profile; for a

membrane with a thickness comparable to the spatial resolution, there is

about a 6% reduction in the water content.
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water content from a later image. An order of magnitude

estimate for the amount of water that will diffuse under the

gaskets can be made by assuming that the water transport is

driven by Fickian diffusion. Using Fick’s second law, taking

the diffusion coefficient to be Dw¼ 1.2� 10�6 cm2 s�1 at

k¼ 3 mol H2O =mol SO3H,4 a gasket k¼ 2 mol H2O =mol

SO3H, and an active area k¼ 22 mol H2O =mol SO3H, there

will be an average increase in the gasket region k of about

1 mol H2O =mol SO3H (1 mm of water thickness) over the

course of 1 h. This is close to what is observed in the change

from 100% RH to liquid saturation in the bottom of Figure 8.

Rather than relying on a calculated estimate, the water con-

tent under the gasket region (as shown in the top of Figure 8)

can be measured and the active area water content can be

corrected for this increase. Further, at lower humidities, this

water flux will be lower; one would also expect to observe a

hysteresis and possibly a reversal in the water flux as one

lowers the inlet gas humidity, and both of these trends are

observed in Figure 8. The gradient due to in-plane water dif-

fusion was also observed in the images of the dry membrane,

as the active area (under the GDL) was exposed to the dry

nitrogen stream, in contrast to the region under the gaskets.

These effects of in-plane diffusion either due to drying or

wetting the membrane were evaluated directly from the

images and were accounted for when quantifying the water

content in the data below.

7. Neutron scattering and refraction

Since the attenuation of a neutron beam by water is pri-

marily through incoherent scattering rather than absorption,

the sample represents a secondary neutron source. The neu-

trons emanating from the sample radiate in all directions,

and the intensity of the beam is reduced as the square of the

distance from the sample. As shown in Kim et al.,25 the in-

tensity of this scattered beam from a section of water similar

in size to that in a high resolution PEMFC imaging is one to

two orders of magnitude smaller than the variation due to

Poisson counting statistics and in general correcting the

image PSF is a larger correction.16 As a result, no correction

for scattering is required for membrane or PEMFC through-

plane water-content measurements. In addition, neutron

refraction has been reported in cold neutron imaging which

can be a source of image artifacts, however it has not been

observed in high resolution images acquired at NIST.

Refraction increases with neutron wavelength, and thus for a

thermal source will be a factor several less than at a cold

beam. As well, the PEMFC test sections frequently imaged

at the NIST facility are gold coated, and gold has a 98 b

absorption cross-section, which further reduces the size of

refractive effects. As such, correction for refraction is not

considered here.

E. Test sections

To overcome the systematic uncertainty due to spatial

resolution, test sections were fabricated using thick Nafion

membranes (Ion Power), with nominal thicknesses of

178 lm (N117) and 203 lm (N1110) for the water sorption

measurements and 1000 lm (N1140) for the fuel cell and

hydrogen-pump experiments. In both test sections, the image

of the membrane was confirmed to have a flat region in the

center of the dry membrane indicating the spatial resolution

was not affecting the measurement. The fuel cell flow field

(Figure 6) consisted of parallel channels (0.635 mm by

0.635 mm), with 0.635 mm wide lands machined into Al

blocks. After machining, the Al blocks were gold coated to

prevent corrosion. The width of the Al block in the beam

direction was 27 mm (12 mm active area width and 7.5 mm

gasket width on either side of the active area). Sorption

experiments employed similar hardware, but with a porous

metal foam as a flow field instead of parallel channels. Both

designs had the same active area of about 2.5 cm2, where the

neutron beam traversed through the 12 mm length (as indi-

cated in Figure 6). The gaskets were a combination of PTFE

films and PTFE-coated fiber glass films. In both sets of

experiments, GDLs were placed between the flow field and

the membrane on either side. The GDL material in all tests

was SGL24AA. This GDL is a single layer of carbon fiber

and does not contain any PTFE, nor a microporous layer.

The water-sorption measurements were performed with

200 sccm (800 sccm) N2 flow on either side of the test cell

for the N117 (N1100) case. Humidity of the gas streams was

controlled by the temperature of bubbler-type humidifiers

(dew point temperature), and independently monitored and

verified by humidity measurement with Vaisala HMT338

RH sensors placed at the cell outlets. For the fuel cell and

hydrogen-pump experiments, the MEA was fabricated by

painting the Pt-black catalysts (using Nafion binder) onto the

N1140 membrane with a Pt areal density of 6 mg/cm2 on

both the cathode and anode. The thicker membrane for the

operating cell was required for the coarser detector spatial re-

solution of 30 lm. The operating conditions for the fuel cell

tests were 80 �C, 300 sccm H2, 200 sccm O2, inlet-gas rela-

tive humidity was 100%, and 71 kPa backpressure on both
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FIG. 8. Top, raw image of the test section for a free-swelling membrane,

showing the direction of the gas flow and gravity, as well as indicating the

region of the membrane used to generate the water profiles shown below.

Bottom, membrane water content at 80 �C under a compression pressure of

1.4 MPa compression in a test section composed of metal foam flow fields

and the optical density of the dry image from the flat field normalization.

The region over which the membrane water content and the gasket water

content were measured are indicated (see also Figure 6). During the mea-

surement, the water content increases under the gasket region due to in-

plane water diffusion; this must be accounted for when calculating the water

content in the active area of the flow field.

104906-8 Hussey et al. J. Appl. Phys. 112, 104906 (2012)



sides. For the hydrogen-pump tests, the 300 sccm H2 was

split and fed to both sides and was over-humidified to 175%

relative humidity and the backpressure was again 71 kPa.

III. RESULTS AND DISCUSSION

Corrections for the above systematic measurement

uncertainties were not included in early high-resolution

neutron-imaging work, likely resulting in underestimates of

the membrane water content; in Hickner et al., this is espe-

cially important considering that the test section used a

50 lm thick membrane, which was strongly blurred by the

image spatial resolution of about 30 lm.5 Two sets of meas-

urements were undertaken: (i) water-sorption measurements

to ensure that water-content measurements made via neutron

radiography were consistent with gravimetric measurements

and (ii) the water profiles measured during fuel cell and

hydrogen-pump operation. These data were then analyzed

according to the following 10-step procedure:

(1) Background subtract flatfield, dry, and wet images.

(2) Average data along the in-plane direction to yield neu-

tron intensity along the through-plane direction, this

reduces the bias due to low count data and produces

line profiles.

(3) Form dry optical density by taking the natural loga-

rithm of Eq. (5) with the flatfield as the reference image

(I0).

(4) Use the dry optical density to estimate the attenuation

of the dry polymer in the gasket region, RPEM tPEM.

(5) Form wet OD by taking the natural logarithm of Eq. (5)

with the flatfield as the reference image (I0).

(6) Estimate the residual water content in the gasket away

from the active area assuming a kres corresponding to

ambient temperature and humidity.

(7) Estimate total water content in the gasket region across

the entire cell width using Eq. (19) with the parameters

specified in Eqs. (17) and (18).

(8) Estimate the residual water content in the active area

assuming a kres corresponding to ambient temperature

and humidity and reduced by the time dried at 80 �C to

estimate the residual water in the membrane using the

data in Figure 5.

(9) Estimate total water content in the active area including

the surrounding gaskets using Eq. (19) with the parame-

ters specified in Eqs. (17) and (18).

(10) Calculate the absolute water content in the active area

only by subtracting the gasket water (step 7, scaled to

the width of gaskets adjacent to the active area) from

the water content calculated in step 9.

A. In-situ water-sorption measurements

To ensure accurate correlations of the fuel cell data, the

water uptake of the thick membranes was also measured using

a dynamic-vapor-sorption (DVS) apparatus (SMS, Ltd) at

room temperature. The relative humidity was adjusted from

dry to wet conditions in 10% steps with 2 h hold times

between steps, at which point the change in mass was compa-

rable to the quoted mass sensitivity. To obtain the dry weight,

the membrane was dried at 80 �C, and the data were corrected

for the residual water content using the results of Figure 5.

The membranes were boiled and cleaned before testing. The

results are shown in Figure 9 for a 700 lm to 720 lm thick

Nafion 1130 membrane (Ion Power), which is similar to the

fuel cell tested 1140 membrane. The water uptake is shown to

be similar to traditional 1100 equivalent weight Nafion

membranes.

The in situ water sorption was measured via neutron ra-

diography using the nominal 10 lm spatial resolution MCP

detector. To improve neutron-counting statistics, images

with a 120 s exposure time were acquired over a period of at

least 30 min at each test condition; by acquiring multiple

frames, one has the ability to investigate the stability of the

test section, and the image download time was small so that

additional dead-time losses were minimal. Dry images were

acquired initially for a period of 1 h; if image registration

artifacts were visible, a dry image was taken at the end of the

tests. As well, flatfield images were acquired so that any

registration errors due to the change in the optical axis could

be corrected through image shifting; a flat field is required

since the MCP detector response is not spatially uniform. On

average, about 1.5 neutrons were detected per pixel per mi-

nute in the flatfield; the transmission through the dry (wet)

membrane was about 0.22 (0.11). The membrane water-

content profiles shown in Figure 8 were taken over a height

of about 3000 pixels, so that the nominal one-sigma Poisson

counting statistics relative uncertainty in the dry (fully satu-

rated) images of the membrane was 0.41% (0.58%), corre-

sponding to a water-thickness uncertainty of dtw �10 lm.

To estimate the water content in the membrane, the pro-

cedure described in Sec. III was applied to the raw neutron

images for all water-sorption data sets shown in Figure 9

with the following specific parameters for these sorption

measurements. The gamma-ray background of the detector

(dark image) was subtracted from the flatfield, dry, and wet

images. The image of the dry membrane was normalized by

the flatfield to determine if there was a variation in the

FIG. 9. Water-sorption data for N1110 and N117 restricted membranes at

80 �C compared with historical data (Zawodzinski, et al.1 and Hinatsu

et al.24 at 80 �C) and measurements made with DVS at 30 �C using N117

and N1130 membranes. Repeat measurements were performed after liquid

equilibration. There is an uncertainty of 61 k (mol H2O/mol SO3) due to the

applied corrections for residual water content in the active area and under

the fuel cell gaskets as well as in-plane water diffusion to under the gasket

region.
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membrane water content between the active area and

the region under the gasket; a difference of about

Dk� 2 mol H2O =mol SO3H was observed between the

exposed membrane region and the region under the gasket

far away from the active area. The wet membrane images

were then normalized by the dry image, and the neutron

attenuation along the in-plane direction was obtained over a

region within the membrane that showed a nearly constant

through-plane direction attenuation profile. The water con-

tent in the gasket region above and below the active area was

then obtained by applying Eq. (17) with the assumption of

an average residual water content under the gaskets of

k¼ 2.6 mol H2O =mol SO3H as determined by the ex situ
TGA analysis and the transmission profiles of dry images.

This water content was then scaled for the length of the gas-

ket region in front of and behind the active area and added to

the residual water in the active area of k¼ 1.4 mol H2O =mol

SO3H. The water thickness in the membrane after these cor-

rections is plotted in Figure 8. From the average water thick-

ness, the water content k is then determined by Eq. (14),

with the assumption that the membrane is free-swelling, i.e.,

v¼ 0. To correct for swelling of the membrane in Eqs. (15)

and (16), the attenuation of the dry membrane was RPEM

tPEM¼ 1.03 6 0.01.

Shown in Figure 9 are the in situ measurements of the

water sorption of a Nafion 117 membrane and a Nafion 1110

membrane restricted by metal-foam flow fields and the

GDLs at a temperature of 80 �C. Water values were obtained

by averaging the water content in the flat region of the profile

and by applying the procedure and corrections described

above. As shown in Figure 9, the water content of the re-

stricted membrane at 80 �C matches reasonably well with

gravimetric data at 80 �C of Zawodzinski et al.2 and Hinatsu

et al.26 The neutron data for a restricted membrane at 40 �C
(not shown) also reasonably matched the ex-situ DVS data at

25 �C, where the mass increase of the membrane is measured

during 10% relative-humidity steps, which is then normal-

ized to the dry mass and converted to a k value

k ¼ Mw= �Mw

Mdry
i =EW

; (20)

where Mdry
i is the dry weight of the ionomer, EW is the

equivalent weight of the ionomer (1100 g/mol), and �Mw is

the molar weight of water (18 g/mol). The primary source of

uncertainty is the residual water content under the gaskets

and in the active area in the dry image; from the TGA analy-

sis, the estimated one sigma uncertainty in the derived k is

dk�61 mol H2O =mol SO3H.

In addition to assuring that the neutron-radiography water-

content measurement is in agreement with historic ex situ data,

there are two additional observations. The first is that, as

expected from calculations in Kusoglu et al.,21 the compres-

sion pressure applied in the restricted construction is not suffi-

cient to change the swelling properties of the membrane in the

thickness direction. Pressure exerted onto the membrane under

compression from the GDLs and the fuel cell hardware was

less than 480 kPa, measured by a pressure-indicating film. The

second is the observation of Schroeder’s paradox for each

temperature, as there are repeat measurements at 100% relative

humidity before and after over-humidification. Schroeder’s

paradox is the observation that the membrane water content

differs at unit activity depending on whether the boundary

layer is liquid water or saturated vapor.27 There are multiple

reports of observing Schroeder’s paradox in Nafion26,28–30

although there is some current question over the source of

these observations.29,31,32 The data in Figure 9 show that the

in situ water content indeed goes from a high value at supersa-

turated or liquid conditions to a lower one with fully saturated

vapor; thus it is a positive indication of Schroeder’s paradox.

In fact, the values of k that can be calculated from the data at

80 �C (Eqs. (19) and (20)), demonstrate that one moves from

about k¼ 10 mol H2O/mol SO3H to 22 mol H2O/mol SO3H to

14 mol H2O/mol SO3H during the experiment. This is not sur-

prising since the paradox is linked to the interfacial morphol-

ogy that is different between liquid and vapor boundaries.33–35

B. Analysis of membrane water profiles during fuel
cell and hydrogen-pump operation

Since neutron radiography accurately measures the mem-

brane water sorption, one can have confidence that under fuel

cell operation accurate membrane water contents will be

obtained by following the above image-analysis procedure.

As a demonstration, we examined the through-plane mem-

brane water content under several conditions to build an

understanding of water-transport phenomena in the membrane

in an operating fuel cell environment. The exact water profile

in the membrane under operation remains unknown, requiring

the use of models to predict the profile shape; shapes ranging

from linear, to sharp transitions, to entirely flat have been

used in the literature.28,36–39 In this section, water-content pro-

files under both fuel cell and hydrogen-pump conditions are

analyzed, including comparison to relatively simple models.

Figure 10 shows the corrected, measured water profiles

for the fuel cell at open circuit voltage (OCV) and during

operation (0.135 A/cm2). The membrane is thick enough that

FIG. 10. Water content and water-content difference along the through-

plane direction of a fuel cell with a Nafion 1140 membrane during OCV and

operating at a current density of 0.135 A/cm2 and 0.1 V with H2 and O2

gases humidified at 100% RH. The vertical lines denote the boundary

between the MEA and the GDLs; the cathode channel and GDL regions

range between 500 lm to 1250 lm, the anode channel and GDL regions

range between 2250 lm and 3000 lm.
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a clear, flat region is obtained in the center of the membrane.

The water content in both cases is calculated to be around a

value of k¼ 13.7 mol H2O =mol SO3H using Eq. (19)

(k¼ 9.5 mol H2O =mol SO3H if the membrane were actually

fully compressed). This result indicates that the membrane is

operating where it is a mixture of liquid and vapor equili-

brated. Assuming k¼ 22 mol H2O =mol SO3H for full liquid

equilibration and k¼ 11 mol H2O =mol SO3H for vapor at

80 �C (see Figure 9), the membrane is around 35% liquid

equilibrated on average along the beam path length. This

volume fraction makes sense if the boundary phase controls

this behavior,35,40 especially as it is similar to the Nafion vol-

ume fraction in the catalyst layers. The observation of such a

high k at OCV also suggests that liquid water condenses in

the catalyst-layer ionomer as perhaps a liquid film, even

though the feed conditions are only 100% relatively humid-

ity. Even without water production, the membrane exhibits

some liquid-equilibrated character, which is not unexpected

(see for example, Adachi et al.41), but has not been shown

previously in situ. Under fuel cell operation, where water

production does occur, the water profile in the membrane

remains essentially identical; this is especially apparent

when examining the differential plotted in Figure 10. Of

course, the current density is low, but the electroosmotic flux

and water production change the water levels in the catalyst

layers and GDLs, with more water in the cathode and less in

the anode. This change in water thickness is in agreement

with expected changes in saturation due to the changes in the

liquid (and hence capillary) pressure caused mainly by

electroosmosis and water production.42 Note that these

results are averages and include averaging over both land

and channel regions along the through-plane direction.

To enable quantification and comparisons of the determined

in situ water content, it is more convenient to deal with a simpler

system than an operating fuel cell. For this reason, hydrogen-

pump experiments, where one can avoid water production and

the sluggish oxygen-reduction reaction, were undertaken. The

results are shown in Figure 11 for OCV and two different current

densities. In Figure 11, the protons are moving from left to right,

and thus there is a dehydration of the anode side of the mem-

brane due to electroosmotic flow toward the cathode. The hydro-

gen pump shows a similar water-content value at OCV as in the

fuel cell-model data (Figure 10) even though the feeds are much

more humidified. Thus, the extra humidification is not necessar-

ily getting to the membrane and is probably condensing more in

the channels, which agrees with the neutron–imaging results. A

comparison to Figure 8 also shows that the GDL seems to inhibit

this extra water from reaching the membrane, unlike the porous

metal foam which is probably more hydrophilic. As current

flows, there is a small plateau in the water content and then a lin-

ear decrease in the water thickness or volume fraction. The elec-

troosmotic flow is enough to lower the anode GDL saturation

under full humidification to levels similar to those observed with

sub-saturated gas flows. This is also apparent as the water content

in the anode GDL is approaching its residual saturation or perco-

lation threshold.

To analyze the above curves, the approach of Weber and

coworkers can be followed as discussed in the Appendix,7,28,43

where for the membrane, the maximum amount of liquid-

equilibrated mode is scaled using the 0.35 value mentioned

above due to interface-in-contact approach. The model is run

in a 1-D macrohomogeneous approach such that the effects

of the land and channel are averaged, similar to the data col-

lection, and uses measured properties for Nafion 1100 equiv-

alent weight membranes,28 however, as discussed below, the

value of the net transport coefficient is altered to fit the data

better. The results of the model are compared to the neutron-

imaging data in Figure 11. The agreement is reasonable and

demonstrates that model and data are converging. For

instance, as opposed to the findings in Weber and Hickner

where there was a factor of 4 difference between model and

data,7 the difference in the maximum membrane water

content using the above image analysis is now about 10%.

The model contains a transition point that agrees with

the flat water profile near the cathode, where more liquid-

equilibrated-type conditions occur. The transition between

modes is dependent on the current density. In addition, the

transition will naturally be sharper in the model than in the

data due to blurring as discussed above in the resolution dis-

cussion. One might expect the measured data to look more

like the model results, although it seems that the transition

region within the model is too sharp, and the model has not

correctly predicted the slope after the transition region,

which is dependent on the balance between the electro-

osmotic and water-transport coefficients. Therefore, some

model refinement is required. The data and the model are

consistent in terms of maximum water content, but they do

not validate each other. In particular, one might use a linear

water-content gradient to fit the data, although this has some

issues due to the need for the correct water content and par-

tial pressure at the membrane/anode interface, which is de-

pendent on the nonlinear water-uptake isotherm (Figure 9).

Due to limitations of beam-time availability and small

active area, water-balance data were not obtained during

the imaging experiment, which limits the quantitative

FIG. 11. Comparison of the through-plane water content in hydrogen pump

mode between model and data at three operating current densities. The

model computes only the membrane water content; the measured saturation

in the GDL region is included, so that the image simulation yields a more re-

alistic transition between the GDL and the membrane. The vertical lines

denote the boundary between the MEA and the GDLs; the anode GDL and

channel region ranges from 320 lm to 1360 lm the cathode GDL and chan-

nel region ranges from 2240 lm to 3040 lm.
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assessment possibilities of the curves. As seen in the Appen-

dix, the water flux is determined to be a balance between

back diffusion and electro-osmosis, and only with water bal-

ance or similar data can they be decoupled and determined

separately. As noted above, the net water transport coeffi-

cient, b, is used to describe the balance between the electro-

osmotic and water-transport fluxes

b ¼ Nw

i=F
¼ n� a

i=F
rlw; (21)

where Nw is the water flux, i is the current, and F is Fara-

day’s constant. For both current densities, the curves shown

in Figure 11 correspond to b values of about 1.5. As a point

of comparison, using traditional Nafion 1100 values, the b
value would be closer to 1.2, and the slope after the transi-

tion in Figure 11 would be much shallower. Due to the thick-

ness of the membrane, electro-osmosis is more dominant

than the water-transport flux (from the simulations above,

the water-transport flux results in about 25% change of the

net flux). However, the above results are also dependent on

the partial pressure of water assumed from the modeling

analysis in the anode channel (100% relative humidity is

used) as it impacts the dry out of the anode.

Some simple estimates can also be made for the electro-

osmotic coefficient. Assuming the water transport coefficient

is a ¼ 10�9 mol2 J�1 cm�1 s�1, then the curves in Figure 11

would correspond to an electro-osmotic coefficient of 2,

instead of the often-used value of 1, which is not too far off

considering that the value of the transport coefficient for this

membrane is also not known definitively. To determine the

limiting case or maximum value that could be obtained from

the data, one can ignore the back water transport and then

assume that all oversaturated water is consumed in order to

reduce the water content at the anode to the vapor-saturated

value as the data suggests. Doing this calculation results in a

value of n¼ 3.6, which is similar to a fully liquid-equilibrated

N117 membrane value at 80 �C (n¼ 3.3).28

IV. CONCLUSIONS

Neutron imaging is an invaluable tool for investigating

water transport in operating PEMFCs due to its ability to mea-

sure quantitatively the water content and distribution in situ.

While low-resolution neutron imaging is useful for cell-level

studies such as flow-field optimization and manifold design,

fundamental understanding of the through-plane water trans-

port phenomena in the membrane requires well-characterized,

high-spatial-resolution measurements. However, there are

issues with analyzing such data, and this article discussed the

comprehensive characterization of systematic effects and

uncertainties associated with high-spatial-resolution neutron

imaging. Through proper accounting of systematic measure-

ment effects in the image processing and analysis procedure,

neutron radiography yields accurate in situ water-content val-

ues of proton-exchange membranes. The approach presented

here was verified by investigating water-sorption isotherms,

which are in agreement with literature and our own ex situ
measurements.

The in situ water-sorption measurements also demon-

strated that the measured water content of a restricted mem-

brane at 80 �C matches reasonably well with data previously

measured ex situ with free-swelling membranes. Schroeder’s

paradox was also verified to exist by in situ water-content

measurements which cycled from fully humidified to super-

saturated (liquid) and back, where the data exhibted the pre-

viously measured, nearly doubling of the water content.

Additional studies of operating cells with thick (180 to

1000 lm) membranes in fuel cell and hydrogen-pump modes

were investigated. Comparison of the results to a 1D macroho-

mogeneous water-transport model demonstrated that we have

resolved a previously reported discrepancy between the meas-

ured and predicted membrane water content. The 10 lm reso-

lution neutron-imaging detector at NIST provides a means to

measure the water uptake of fuel cell membranes in situ and,

when combined with water-balance measurements, the mem-

brane’s transport properties during operation. While this work

emphasized characterizing the measurement technique and

developing the image-processing procedure for accurate water

measurement with neutron imaging, a future publication will

focus on particular aspects of membrane’s water uptake, such

as the influence of compression and thermal history.
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APPENDIX: 1-D MODEL DESCRIPTION

For modeling the water profiles, a simple 1D approach

is taken. The governing transport equation of water in the

membrane is

Nw ¼
n
F

i� arlw; (A1)

where Nw is the flux of water, n is the electroosmotic coeffi-

cient, F is Faraday’s constant, i is the current density, a is

the water transport coefficient, and lw is the water chemical

potential. Since there is no water production in the cell for

the hydrogen pump,
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r � Nw ¼ 0 (A2)

for all layers. The transport equations for the water in the gas

and liquid phases in the other layers are Stefan-Maxwell dif-

fusion and Darcy’s law, respectively. For the two-phase-flow

effects, the contact-angle-distribution approach is used with

measured capillary pressure—saturation relationships.44 To

convert the water saturations in the model to water thickness

in the membrane, the equations discussed in Weber and

Hickner7 are used, where the total water-volume fractions

are multiplied by the active width of the cell along the beam

direction (12.2 mm) to convert them into water thicknesses.

The boundary condition used is a Dankwertz-Wehner-

Wilhelm, which is essentially a mass balance for water and

hydrogen,

nout
w;a ¼ nin

w;a � NG
w;a � NL

w;a and (A3)

nout
H2;a
¼ nin

H2;a
� i

2F
; (A4)

respectively, where the superscripts denote water in the gas

and liquid phases and into and out of the cell. Similar equa-

tions can be written for the cathode gas channel. With the

above mass balances, the water partial pressure can be calcu-

lated in each element and each gas channel by

pw ¼
nout

w

nout
w þ nout

w

p: (A5)

This equation can return values of the water partial pres-

sure that are above the vapor pressure of water due to the

presence of liquid water, and thus the results of the equation

have to be bounded such that if it returns a value greater than

the vapor pressure, the value of the vapor pressure is used.

However, it must be noted that for the oversaturated condi-

tions, the exact water partial pressure to be used is somewhat

ill-defined and this makes quantitative analysis of the results

challenging. It may be that a relative humidity around 100%

should be used, especially considering that the hydrogen-

pump and fuel cell-mode water profiles at OCV are similar.

1T. A. Zawodzinski, J. Davey, J. Valerio, and S. Gottesfeld, Electrochim.

Acta 40(3), 297–302 (1995).
2T. A. Zawodzinski, T. E. Springer, F. Uribe, and S. Gottesfeld, Solid State

Ion. 60(1–3), 199–211 (1993).
3T. E. Springer, T. A. Zawodzinski, and S. Gottesfeld, J. Electrochem. Soc.

138(8), 2334–2342 (1991).
4T. A. Zawodzinski, M. Neeman, L. O. Sillerud, and S. Gottesfeld, J. Phys.

Chem. 95(15), 6040–6044 (1991).
5M. A. Hickner, N. P. Siegel, K. S. Chen, D. S. Hussey, D. L. Jacobson and

M. Arif, J. Electrochem. Soc. 155(4), B427–B434 (2008).
6D. S. Hussey, D. L. Jacobson, M. Arif, J. P. Owejan, J. J. Gagliardo, and

T. A. Trabold, J. Power Sources 172, 225–228 (2007).
7A. Z. Weber and M. A. Hickner, Electrochim. Acta 53(26), 7668–7674

(2008).
8W. Yun and K. S. Chen, J. Electrochem. Soc. 157(12), B1878–B1886

(2010).
9Certain trade names and company products are mentioned in the text or

identified in an illustration in order to adequately specify the experimental

procedure and equipment used. In no case does such identification imply

recommendation or endorsement by the National Institute of Standards

and Technology, nor does it imply that the products are necessarily the

best available for the purpose.
10P. Boillat, G. Frei, E. H. Lehmann, G. G. Scherer, and A. Wokaun,

Electrochem. Solid State Lett. 13(3), B25–B27 (2010).
11N. Kardjilov, A. Hilger, I. Manke, M. Strobl, M. Dawson, S. Williams,

and J. Banhart, Nucl. Instrum. Methods in Phys. Res. A 651(1), 47–52

(2011).
12J. Vallerga, R. Raffanti, A. Tremsin, O. Siegmund, J. McPhate, and

G. Varner, Proc. SPIE 7732, 773203 (2010).
13O. H. W. Siegmund, J. V. Vallerga, A. S. Tremsin, and W. B. Feller, IEEE

Trans. Nucl. Sci. 56(3), 1203–1209 (2009).
14O. H. W. Siegmund, J. V. Vallerga, A. Martin, B. Feller, M. Arif, D. S.

Hussey, and D. L. Jacobson, Nucl. Instrum. Methods Phys. Res. A 579(1),

188–191 (2007).
15O. H. Siegmund, J. V. Vallerga, A. S. Tremsin, J. McPhate, and B. Feller,

Nucl. Instrum. Methods Phys. Res. A 576(1), 178–182 (2007).
16D. S. Hussey, E. Baltic, K. J. Coakley, and D. L. Jacobson, “Improving

quantitative neutron radiography through image restoration,” Nucl.

Instrum. Methods Phy. Res. A (submitted).
17Y. Edura and N. Morishima, Nucl. Instrum. Methods Phys. Res. A 534(3),

531–543 (2004).
18D. S. Hussey, D. L. Jacobson, M. Arif, K. J. Coakley, and D. F. Vecchia,

J. Fuel Cell Sci. Technol. 7(2), 021024-1–021024-6 (2010).
19H. H. Barrett and W. Swindell, Radiological imaging. The Theory of

Image Formation, Detection and Processing (1981), Vol. 2, pp. 370–377.
20D. S. Hussey, D. L. Jacobson, and E. Baltic, Nucl. Instrum. Methods Phys.

Res. A 651, 73–76 (2011).
21A. Kusoglu, B. L. Kienitz and A. Z. Weber, J. Electrochem. Soc. 158(12),

B1504–B1514 (2011).
22A. Z. Weber and J. Newman, AIChE J. 50(12), 3215–3226 (2004).
23Y. Termonia, Polymer 48(5), 1435–1440 (2007).
24D. J. Ludlow, C. M. Calebrese, S. H. Yu, C. S. Dannehy, D. L. Jacobson,

D. S. Hussey, M. Arif, M. K. Jensen, and G. A. Eisman, J. Power Sources

162(1), 271–278 (2006).
25F. Kim, D. Penumadu, and D. S. Hussey, J. Geotech. Geoenviron. Eng.

138, 147–154 (2011).
26J. T. Hinatsu, M. Mizuhata, and H. Takenaka, J. Electrochem. Soc. 141(6),

1493–1498 (1994).
27P. von Schroeder, Z. Phys. Chem. 45(1), 75–117 (1903).
28A. Z. Weber and J. Newman, J. Electrochem. Soc. 151(2), 311–325

(2004).
29L. M. Onishi, J. M. Prausnitz, and J. Newman, J. Phys. Chem. B 111,

10166–10173 (2007).
30P. Choi and R. Datta, J. Electrochem. Soc. 150(12), E601–E607 (2003).
31N. Cornet, G. Gebel, and A. de Geyer, J. Phys. IV 8(P5), 63–68 (1998).
32S. Jeck, P. Scharfer, and M. Kind, J. Membr. Sci. 337(1–2), 291–296

(2009).
33V. Freger, J. Phys. Chem. B 113(1), 24–36 (2009).
34M. Bass, A. Berman, A. Singh, O. Konovalov, and V. Freger, J. Phys.

Chem. B 114(11), 3784–3790 (2010).
35A. Kusoglu, M. A. Modestino, A. Hexemer, R. A. Segalman, and A. Z.

Weber, ACS Macro Lett. 1(1), 33–36 (2012).
36A. Z. Weber and J. Newman, in Advances in Fuel Cells, edited by K.-D.

Kreuer and T. V. Nguyen (2007), Vol. 1.
37C. Y. Wang, Chem. Rev. 104(10), 4727–4765 (2004).
38Q. Zhao, P. Majsztrik, and J. Benziger, J. Phys. Chem. B 115(12),

2717–2727 (2011).
39A. Z. Weber and J. Newman, Chem. Rev. 104(10), 4679–4726 (2004).
40M. Bass, A. Berman, A. Singh, O. Konovalov, and V. Freger, Macromole-

cules 44(8), 2893–2899 (2011).
41M. Adachi, T. Navessin, Z. Xie, B. Frisken, and S. Holdcroft, J. Electro-

chem. Soc. 156(6), B782–B790 (2009).
42J. T. Gostick, M. A. Ioannidis, M. W. Fowler, and M. D. Pritzker, in

Modern Aspects of Electrochemistry, edited by U. Pasaogullari and C. Y.

Wang (Springer, New York, 2009), Vol. 45, pp. 225–254.
43A. Z. Weber and J. Newman, J. Electrochem. Soc. 151(2), A326–A339

(2004).
44A. Z. Weber, J. Power Sources 195, 5292–5304 (2010).

104906-13 Hussey et al. J. Appl. Phys. 112, 104906 (2012)

http://dx.doi.org/10.1016/0013-4686(94)00277-8
http://dx.doi.org/10.1016/0013-4686(94)00277-8
http://dx.doi.org/10.1016/0167-2738(93)90295-E
http://dx.doi.org/10.1016/0167-2738(93)90295-E
http://dx.doi.org/10.1149/1.2085971
http://dx.doi.org/10.1021/j100168a060
http://dx.doi.org/10.1021/j100168a060
http://dx.doi.org/10.1149/1.2826287
http://dx.doi.org/10.1016/j.jpowsour.2007.07.036
http://dx.doi.org/10.1016/j.electacta.2008.05.018
http://dx.doi.org/10.1149/1.3279636
http://dx.doi.org/10.1016/j.nima.2011.01.067
http://dx.doi.org/10.1117/12.857820
http://dx.doi.org/10.1109/TNS.2009.2015310
http://dx.doi.org/10.1109/TNS.2009.2015310
http://dx.doi.org/10.1016/j.nima.2007.04.037
http://dx.doi.org/10.1016/j.nima.2007.01.148
http://dx.doi.org/10.1016/j.nima.2004.06.140
http://dx.doi.org/10.1115/1.3007898
http://dx.doi.org/10.1016/j.nima.2011.01.014
http://dx.doi.org/10.1016/j.nima.2011.01.014
http://dx.doi.org/10.1149/2.097112jes
http://dx.doi.org/10.1002/aic.10230
http://dx.doi.org/10.1016/j.polymer.2007.01.016
http://dx.doi.org/10.1016/j.jpowsour.2006.06.068
http://dx.doi.org/10.1149/1.2054951
http://dx.doi.org/10.1149/1.1639157
http://dx.doi.org/10.1021/jp073242v
http://dx.doi.org/10.1149/1.1623495
http://dx.doi.org/10.1051/jp4:1998509
http://dx.doi.org/10.1016/j.memsci.2009.03.056
http://dx.doi.org/10.1021/jp806326a
http://dx.doi.org/10.1021/jp9113128
http://dx.doi.org/10.1021/jp9113128
http://dx.doi.org/10.1021/mz200015c
http://dx.doi.org/10.1021/cr020718s
http://dx.doi.org/10.1021/jp1112125
http://dx.doi.org/10.1021/cr020729l
http://dx.doi.org/10.1021/ma102361f
http://dx.doi.org/10.1021/ma102361f
http://dx.doi.org/10.1149/1.3116922
http://dx.doi.org/10.1149/1.3116922
http://dx.doi.org/10.1149/1.1639158
http://dx.doi.org/10.1016/j.jpowsour.2010.03.011

