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Abstract

Neutron radiography enables direct visualization and quantification of many water
transport phenomena in proton exchange membrane fuel cells (PEMFCs). The advantage
of the technique is that neutrons have a long penetration length through most common
PEMFC materials of construction (with a 1/e length of about 11 cm for aluminum), while
having a relatively short 1/e length for water (of order 3 mm). This sensitivity to water
enables precise measurements via neutron radiography of the water content in an
operating PEMFC that are primarily limited by systematic measurement uncertainties.
Recent advances in the spatial resolution of neutron detector technology enable direct
measurement of the through-plane water content. This new data provides gas diffusion
layer water profiles that can serve as input or comparison data for a large class of one-
dimensional PEMFC models. In this article, the technique of neutron radiography is
discussed, with an emphasis on the quantitative image analysis of the through-plane
water content.

KEY WORDS: Neutron radiography, Neutron imaging, Proton exchange membrane fuel
cell, Through-plane water content

1. Introduction

Proper water management in proton exchange membrane fuel cells (PEMFCs) is critical
to PEMFC performance and durability. PEMFC performance is impaired if the
membrane has insufficient water for proton conduction or if the open pore space of the
gas diffusion layer (GDL) and catalyst layer (CL) or the gas flow channels becomes
saturated with liquid water there is a reduction in reactant flow to the active catalyst sites.
PEMFC durability is reduced if water is left in the CL during freeze/thaw cycling which
can result in CL or GDL separation from the membrane'”, and excess water in contact
with the membrane can result in accelerated membrane thinning®.

One challenge to developing water management strategies is visualizing and accurately
measuring the relatively small mass of water (10 mg/cm?) typically present in the
PEMFC. This is a challenge since standard PEMFC hardware is metallic and conducting,
which limits inspection by standard imaging techniques such as optical, X-ray or
magnetic resonance imaging (MRI). Optical techniques have been used to study slug and
droplet flow in the gas channels, as well as water escape from the GDL surface™®. X-ray
imaging at synchrotron sources have thinned out endplates to examine small regions of
interest, over short periods of time, as the beam intensity causes radiation damage to the
membrane polymer'”. MRI requires reducing the amount of electrically conducting



material to overcome the PEMFC self-shielding of the MRI signal. With these specially
designed test sections, MRI is able to rapidly measure the through-plane water content
with spatial resolution in the through-plane direction of order 10 um, though on the order
of several 100 pm in the in-plane directions'®.

The only measurement technique that is able to accurately measure and visualize the
water content in PEMFCs using standard materials of construction for fuel cells is
neutron radiography. This is owing to the nature of the interaction between the neutron
and material being dominated by the strong nuclear force, rather than the electromagnetic
interaction. In particular, neutrons strongly interact with hydrogen, while only weakly
interacting with aluminum and carbon. This sensitivity to hydrogen enables accurate
measurement of the water content typical of standard PEMFCs with water volume
resolution of about 107 ¢m” limited by neutron counting statistics from an image
acquisition time of 60 s in a 15 pm pixel (see Section 3.2.1). The very first application of
neutron radiography®® to PEMFC research was of the through-plane water content in an
fuel cell with an artificially thick membrane electrode assembly (3 thermally bonded
Nafion 117%* membranes). The image detector had a spatial resolution of about 50 pum,
and achieved this spatial resolution by centroiding an intensified emission from a
scintillator. The centroiding algorithm had a long dead time, with a maximum event rate
of about 200 Hz, and hence each image was acquired over a period of about a day. Many
interesting features of the membrane water content were observed, including an expected
gradient from anode to cathode, and depressions in the membrane water content at the
interfaces between the thermally bonded membranes. These oscillations were attributed
to an incomplete rearrangement of the hydrophobic surfaces of the thermally bonded
membranes. As this was the first measurement, the water quantification utilized the
gravimetric measurements of the water uptake in Nafion to convert neutron intensity to
membrane water content. Further investigations of the through-plane water content were
not pursued until later due to the event rate limitation and lack of suitable high resolution
imaging detectors. Since conventional neutron scintillator based detectors had a spatial
resolution of about 250 pm, the focus of further PEMFC neutron radiography research
was the in-plane water content, and the differences between water in the channels versus
water in the land regions. A comprehensive review of this initial neutron radiography
work has been given by Trabold, ez al.” Neutron detector technology has progressed
significantly in the past decade. As of publication of this article, the state-of-the-art
neutron imaging detector spatial resolution is of order 20 um, allowing direct
measurement of the through-plane (anode versus cathode) water content in standard
GDL. This progress has been achieved through both dramatic event processing speed
enabling high count rate, high resolution microchannel plates detectors and in
developments to fabricating thinner scintillators. There have been a few recent articles
that have focused on this new development, but without a detailed discussion of the
measurement performance of contributions to measurement uncertainties ®'%. This
article will discuss the technique neutron radiography with a focus on high spatial
resolution (50 pm to 20 um) measurements of the through-plane water content in
PEMFCs.

2. Neutron radiography facility layout and detectors

2.1 Neutron Sources and Radiography Beamlines



Neutron sources fall into one of two categories, reactor or spallation. In a fission reactor,
2 to 3 neutrons are produced from the fission of uranium, and only one neutron per
fission must be captured to sustain the chain reaction. The neutrons from the fission
reaction have an energy of order 2 MeV, and must be slowed to meV energies in order to
be used for neutron scattering beamlines. The slowing occurs via inelastic scattering in a
moderator material, such as water or heavy water. The resulting neutrons have an energy
spectrum that is described by a Maxwell-Boltzmann distribution, the peak energy and
width of which are determined by the temperature of the moderator. Neutron spectra are
often referred to by the mean temperature of the moderator material, two relevant
designations being thermal and cold'?. Thermal neutrons have a characteristic
temperature of about 40 °C to 50 °C, yielding a mean neutron energy of about 25 meV,
while cold neutrons are moderated in a cryogenic liquid and have an energy of about 3
meV. In a typical spallation source, a high energy (GeV) proton beam collides with a
neutron-rich nucleus target, such as mercury, tungsten or uranium, knocking out or
spallating neutrons from the nucleus. The neutrons from the spallation process are high
energy (MeV to GeV) and must also be slowed down by scattering with a moderator
material. Two advantages of a reactor source are that it is a continuous source of
neutrons of all energies with a high average fluence rate. The advantage of a spallation
source is that the neutrons are produced in short (<1 ps) bursts with a large peak fluence
rate, but have a smaller integrated fluence rate. Scattering techniques that can make use
of the pulsed structure, are best suited to a spallation source. However, typical neutron
radiography experiments use the entire neutron spectrum, and therefore a continuous,
high integrated fluence rate of neutrons is optimal for studying PEMFC. One exception
to this generalization is the SINQ spallation source at the Paul Scherer Institute in
Switzerland, which is a continuous spallation neutron source, with both cold and thermal
neutron radiography facilities"'®.

Neutron radiography beamlines are relatively simple compared to most scattering
instruments, see Figure 1 which depicts the NIST neutron imaging facility layout. An
aperture is placed some distance from the neutron source. Moderated neutrons diffuse
away from the source, through the aperture to form a beam. The aperture forms a “pin-
hole” image of the neutron source downstream at the sample and detector position.
Typical dimensions are an aperture with diameter, D, 1 cm, aperture to detector distance,
L, 3mto 15 m. In order to minimize beam intensity loss from scattering in air (thermal
neutrons have about a 97 % transmission in air) the distance between the aperture and the
sample position is evacuated. At some facilities, filter material such as single crystal Bi,
is placed between the aperture and neutron source to reduce the intensity of the gamma-
rays and un-moderated fast neutrons both for radiation safety and to reduce image
background noise. Bi has a similar electron density as lead and is effective as a gamma-
ray filter, but for every 5 cm of filter length, scatters about 50 % of the thermal neutron
intensity. The Bi filter also modifies the neutron spectrum due to Bragg diffraction, as
shown in Figure 2. The two primary figures of merit for a neutron radiography facility
are the L/D ratio and the neutron fluence rate (neutrons cm™ s™'). The neutron fluence
rate determines the image acquisition time needed to reach a given signal-to-noise rate,
and is discussed in more detail in section 3.1.1. The L/D ratio, along with the sample-to-
detector separation, z, determines the geometric blur, A, which is calculated by



A=zD/(L-z)=zD/L. (1)

A¢ defines the minimum spatial resolution achievable for a beamline, assuming that the
detector is also capable of a similar or smaller resolution. A larger L/D ratio means that
an object can be placed further from the detector, and the image will still be sharp. Since
the neutron fluence rate scales with the square of both (1/L) and D, increasing L/D comes
at the expense of decreasing the neutron fluence rate, and therefore an increase in the
image acquisition time. In high resolution PEMFC imaging, the interest is the
through-plane water content. Thus using a slit rather than circular aperture reduces the
blur along the dimension of interest, while maintaining a reasonable neutron fluence rate
for image acquisition. Most imaging facilities have a set of apertures so as to optimize
beam conditions for the imaging application. As an example, the current choice of
apertures at the NIST neutron imaging facility, along with the corresponding fluence
rates is shown in Table 1. The other means to reduce A, is to minimize the dimension of
the object along the beam path direction, which means reducing the width of the active
area. An additional way to minimize A, is to design the test section such that gas and
electrical connections are made on one side, allowing the other side of the test section to
be mounted flush with the face of the detector. Typical PEMFCs for high resolution
neutron imaging are about 1 cm in width, and can be placed about 2 cm from the neutron
detector and are imaged with an L/D = 6000. This means that A, is about 5 um, or about
5 times smaller than the intrinsic detector spatial resolution.

2.2 Neutron imaging detectors

Since neutrons are neutral particles, they cannot be directly detected. Instead neutron
detectors are composite devices. The first detector component is a thin neutron sensitive
region, where a neutron is captured. This nuclear reaction results in the emission of
energetic charged particles. The second detector component detects the emitted charged
particles, either from scintillation light, or amplifying the charge onto a position sensitive
electrode. Two figures of merit for a neutron imaging detector are the spatial resolution
and the detection efficiency. Typical imaging detectors have a thermal neutron detection
efficiency of at least 15 %. The spatial resolution of the detector is described by a point
spread function (PSF), which is often approximated by a Gaussian. The common
definition of spatial resolution used in neutron radiography is similar to the Rayleigh
criterion for observing diffraction peaks, which is the point at which the PSF reaches
about 34 % of the maximum value, which for a Gaussian PSF, with standard deviation o4
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The spatial resolution can be measured in a number of ways, including the contrast
between two absorbing bars as the bar width and separation is varied, or by measuring the
width of a sharp edge'’”. The effects of the PSF, including Ag, On measuring the water
profile are discussed in more detail in Section 3.1.5.

The most common neutron imaging detector uses a scintillator viewed by a charge-
coupled device (CCD) camera. Because the scintillation light is emitted in all directions,



the spatial resolution of a scintillator is approximately the thickness of the scintillator.
Since the neutron detection efficiency is an asymptotic function of the thickness,
reducing the scintillator thickness in order to increase spatial resolution comes at the cost
of counting statistics (water volume resolution). CCDs are sensitive to radiation damage.
Thus, CCDs must be located outside of the main beam, typically with a mirror reflection,
resulting in reduced light collection. The high resolution imaging system developed at
PSI uses a variety of scintillators to optimize the spatial resolution and image acquisition
time for a given application. A mirror reflects the light out of the main beam path. A
special lens with an f-stop of 1, magnification of 1 to 1 with no vignetting focuses the
scintillation light onto a CCD sensor'®. With this system, a variety of scintillators were
tested, and with a 10 um thick gadolinium oxysulfide scintillator a resolution
approaching 20 um was achieved.

Another approach to high resolution neutron imaging is based on microchannel plates
(MCP). In these devices, the neutron is captured in the wall of the MCP. The charged
particle products from the nuclear reaction after neutron capture exit into the pores of the
MCP, knocking out electrons at the wall-pore interface. A negative high voltage (about
-5 kV) gives rise to a electron avalanche, which amplifies the initial charge by a factor of
order 10°. This charge cloud is imaged with a position sensitive anode. The spatial
resolution depends on the pore-to-pore separation and the range of the charged particle.
Since the charged particles are emitted in all directions, the limit to the spatial resolution
is the charge particle range. Current technology has a pore diameter of 10 pm, a pore-to-
pore separation of 12 pm, and a charge particle range of about 5 um, which yields a
spatial resolution of about 25 pm'®. Future detectors are anticipated with a MCP pore
diameter of 6 pm, which should result in a detector resolution less than 15 pm®?. Since
the MCP system is an event-based detector (as opposed to CCDs which are integrating
detectors) the electronic dead-time limits the overall event rate, which for a given neutron
fluence rate limits the field of view (FOV). In the case of cross-delay-line anode readout
electronics, there is a 10 % dead-time for an overall event rate of about 200 kHz. For an
incident fluence rate of about 10° cm™ s'l, the FOV is limited to about 1 cm?. Future
readouts using a cross-strip anode are expected to have a factor of ten higher event rate
and higher spatial resolution than the cross-delay-line anode®".

In high resolution imaging sample mounting and alignment are critical to ensure that the
test section is stable and the through-plane direction is well-aligned with the neutron
beam axis. (This is the only axis that must be aligned, as other misalignments introduce a
relative uncertainty in the measured water thickness that scale as 1/cos(0) or about 10™.)
For instance, for a 1 cm wide active area and a pixel pitch of 15 um requires an angular
alignment to about 0.1 °, which is easily achieved with standard motorized rotation and
tilt stages. The alignment is performed by minimizing the width of the through-direction.
The measured width is a parabola as a function of angle, and the minimum of the
parabola is the alignment position. With the high spatial resolution, small changes in the
test section position can result in poor image registration. Sample position changes can
result from thermal expansion, changing a fitting on the cell, or stress in the gas or
electrical connections. Incorporating robust mounting into the test section design can
reduce many of these issues.



3. Water metrology with neutron radiography
3.1 Neutron attenuation coefficient of water, i,

For thermal and cold neutron radiography, the neutron can be treated as a point particle,
and the interaction with material can be characterized by a collision cross-sectional area
or total neutron scattering cross-section, Gy, encompassing coherent scattering (i.e.
Bragg diffraction), incoherent scattering (resulting from isotopic variation or nuclear
spin-flip scattering) and absorption. In a composite material, oo is the weighted average
over the species present. However, for some composite materials, especially
hydrogenous liquids, the cross-section for neutron scattering from hydrogen can depend
on the vibrational and rotational excitation modes. These effects can be calculated and
properly modeled®®. There is also an energy dependence to the incoherent scattering and
absorption processes, with o, increasing with decreasing neutron energy. Water exhibits
both properties, energy dependent Gy as shown in Figure 3 and a deviation from the
weighted average cross-sections'*”. The impact of this energy dependence will be
discussed below in Section 3.2.2.

Neutron radiography measures the spatially resolved neutron transmission through a
sample. The neutron transmission is derived from the Lambert-Beer Law of attenuation,
which in differential form is:

dI=-1N o,,dt (3)

where I is the incident intensity, N is the number density, dt is a differential unit of
length. In connection with other transmission methods, the product N o, is referred to as
the attenuation coefficient, p, with dimension inverse length. For an operating fuel cell,
the transmitted intensity is

L, = 1y exp(- Uary Lary - tw t), 4)

where, I, 1s the incident neutron intensity, lartdry 1 the attenuation due to the dry
components, and Ly ty, is the attenuation due to the water in the test section. With a
calibration measurement of L, the water thickness, #,,, can be obtained by taking the
natural logarithm of the ratio of the operating intensity to the dry intensity. As discussed
in Section 2.1, typical active area widths along the neutron beam path are about 1 cm.
Assuming a water uptake of 30 % for Nafion, indicates that a minimum thickness for the
calibration is about 3 mm. Shown in Figure 4 is the calibration measurement for the BT2
neutron imaging facility, which has a thermal neutron spectrum, shown in Figure 2, and
at a temporary imaging location at the end of the cold neutron guide NG1. As one can
see from the plot, and Table 2 the cold neutron beam has about a factor of two larger
attenuation coefficient than the thermal beam, as expected from the increase in oy, shown
in Figure 3.

The water content in an operating fuel cell is obtained from the ratio of the background
(B) corrected images of the operating fuel cell (/,,= I, - B) to the dry fuel cell (/; =14 B),
where the tilde indicates the raw, measured image:



1, = -1 h{I—Wj. (5)
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In order to account for variations in incident neutron intensity, such as reactor power
fluctuations or dead-time corrections, one must scale the two images based on the
observed intensity in an unchanging region of the image, for instance where there is no
sample (open beam) or in the end-plates away from the flow channels. The background
in CCD systems is due primarily to the electronic read noise and the dark current. MCP
detectors have negligible electronic read noise (which is the advantage of an event-based
detector) but have a relative larger sensitivity to gamma-rays from the reactor core that
are not completely stopped by the Bi filter. This gamma-ray background can be
measured by blocking the thermal neutron beam with a thin plate of borated aluminum
(5§ mm) and Cd (1 mm), which negligibly reduces the gamma-ray flux from the reactor.

3.2 Sources of Uncertainties in Neutron Radiography

The method of neutron radiography is simple to implement. Since water has a large
neutron attenuation coefficient, the technique of radiography has a high sensitivity for
small water mass changes, of order 100 ng achievable. There are several contributions to
the overall water measurement uncertainty that limit this sensitivity. The primary sources
of uncertainty for high resolution imaging of the through-plane water content in PEMFCs
are neutron counting statistics, departure from the Lambert-Beer law of attenuation due to
beam hardening, uncertainty in the background subtraction of the reactor core and sample
prompt gamma-ray radiation, reduction in the measured water content in rapidly
changing regions due to image blur, and change in the total neutron scattering from water
that is absorbed by Nafion.

3.2.1 Counting Statistics

The water thickness measurement uncertainty due to neutron counting statistics can be
calculated from Poisson counting statistics. For a random process, the standard
deviation, A, in the observed counts I, is A; = \/(I). The number of neutrons in the
incident, or open beam, Iy, is the product of the neutron fluence rate ® (cm™s™),
integration time T (s), integration area A (cm?) and neutron detection efficiency, n:

L= *p*T*4 (6)

Typical values for through-plane water measurements are ® = 1x10° cm™s™, T =100,
A =225x 10° cm? (pixel area), n = 0.2, giving a per pixel intensity of I, = 45, so that
A= 6.7, or a 15 % relative uncertainty. Since the dry and background images are static
conditions, the counting statistics of the wet image typical determine the the liquid water
uncertainty. Taking the partial derivative of Equation (5) with respect to /,, gives the
water thickness uncertainty® as

1 1 1 [exp(u,t)
A = — == — |ZRAD )
u, N1, p, N ¢ATn

As shown above, pu,, = 0.338 mm’! for the NIST MCP detector system, which means that



for a 100 s exposure, the per pixel one-sigma water thickness uncertainty due to Poisson
counting statistics is A¢ = 0.45 mm, or a water volume of about 107 cm?. Ina PEMFC,
the minimum sensitivity may be larger than this, as the membrane and the GDLs
attenuate the beam. During an experiment, the water thickness sensitivity can be
improved by integrating for a longer period of time, integrating the water content along
the in-plane direction (for instance, using a “differential cell”), as shown in Figure 5. The
sensitivity can also be improved by using a cold neutron beam. Cold neutrons provide
two benefits. The first is that the neutron detection efficiency (1) is about a factor of two
larger for typical detectors. The second is that the total neutron scattering cross section
(Figure 3) increases with decreasing neutron energy, such that the attenuation coefficient
() also increases by about a factor of two, as shown in Figure 4. Thus, for equal thermal
and cold neutron fluence rates, the standard uncertainty in the measured water thickness
for cold neutron radiography is about 35 % smaller than that for thermal neutron
radiography.

3.2.2 Beam Hardening

As mentioned above in Section 3.1, the total neutron scattering of water depends on the
incident neutron energy. Thus, for sufficiently thick sections of water and high counting
statistics data, beam hardening can be observed. Beam hardening results in lower energy
neutrons being preferentially scattered or absorbed, and the spectrum of the emerging
neutron beam has a higher mean energy. As a result, the object can appear to have a
higher transmission and applying equation (5) to a thick region section of water would
result in measuring a thinner section of water. In the calibration measurements, this
would be manifested by a non-linear relationship between the neutron optical density and
water thickness. As shown in Figure 4, the optical density versus water thickness up to
4.5 mm resulted in a linear fit with a reduced * of about 1, with no evidence for beam
hardening beyond the uncertainty due to counting statistics of the measurement. Thus,
analyzing typical PEMFC images with equation (5) will introduce a negligible
uncertainty compared to that of the counting statistics.

3.2.3 Background Subtraction

A changing background is a source of measurement uncertainty. The background can
change from varying CCD temperature, changes in reactor gamma-ray fluence rate that is
related to power fluctuations, prompt gamma-rays from the sample, or scattered neutrons.
If in equation (5) there is a different background for the wet and dry images that is not
properly accounted for, the resulting fractional error in the measured water thickness is

(1 - P)B ] ®

w = Inf 1 +
tw ILlwtw exp(_ﬂwtw) / [d

where P= B,/B is the ratio of the wet and dry backgrounds. Shown in Figure 6 is the
fractional error for I; = 50, B =0.5. The resulting systematic uncertainty is of the order
of or less than the uncertainty due to counting statistics, meaning that varying
backgrounds, including that due to scattered neutrons will introduce negligible
uncertainty into the measurement of the membrane and GDL water content.

3.2.4 Changes in the total neutron scattering from water absorbed in the membrane



As discussed in Section 3.0, the total neutron scattering cross-section of hydrogenous
materials often depend on the rotational and vibrational modes of the molecule. Thus,
when water is absorbed in the PEMFC membrane, it is possible that there could be a
change in the neutron scattering cross-section. To determine if there is a change in the
scattering cross-section, the water sorption of a Nafion 117** membrane as a function of
water activity was measured. A humidified nitrogen gas stream, with a flow of 100 sccm
was introduced on either side of a bare membrane at 40 °C and 80 °C. For each relative
humidity (RH) condition, the gas was flowed for 30 minutes, and then the 15 minutes of
images were acquired, for a total of 45 minutes at each RH condition. (This will result in
a lower water sorption value at 100 % RH due to insufficient time to reach equilibrium.)
The membrane water content was determined by the value at the center of the membrane.
The systematic uncertainty due to the image resolution (as discussed below in Section
3.2.5) was estimated by convolving the PSF due to a 50 um blur with a model function of
a uniform water thickness across the membrane. The simulation was performed for each
saturation condition and demonstrated that the relative uncertainty due to spatial
resolution was less than 2 %. The water content of the membrane, A, (reported in moles
of water per moles of sulfonic acid) is shown in Figure 7, and there is no evidence for a
change in the total neutron scattering cross-section that is larger than the uncertainty due
to counting statistics, or of that due to the relative humidity control.

3.2.5 Image Spatial Resolution

The largest source of systematic uncertainty is due to the finite image resolution. The
measured image can be described as the convolution of the true sharp image with the
imaging system point spread function, PSF. The PSF is reasonably approximated by a
Gaussian,

2072

1 - x')?
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where o; is related to the overall spatial resolution d; by equation (2). There are two
independent contributions to d;, the geometric blur, A,, and the neutron detector spatial
resolution, 64, so that:

S, = 6) + 2. (10)

As shown in Figure 8, the spatial resolution effects high resolution PEMFC imaging 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 and microporous layer (MPL). Rather, an image of a step change will be
described as an error function, with the width determined by 6;. This is demonstrated in
Figure 8 (a), where the transmission through a slab of water is convolved with a PSF
described by a d; =25 um. At the edges of the transition, the neutron transmission
significantly deviates from that of the sharp profile. The second effect is a lower
observed water content in the water profile in the through-plane direction. The size of the
deviation depends both on the thickness of the water and the width. As shown in



Figure 8 (b), as the width of the region approaches 26;, the measured neutron
transmission at the center of the slab ceases to reach the true transmission value. In
through-plane imaging of PEMFCs, the water content is concentrated in the membrane
electrode assembly, which is a thin region compared to the image spatial resolution. This
is similar to the simulated water profile with a 50 pm width in Figure 8 (a). As shown in
Figure 8 (b), significantly less water is observed in the water profile.

This means that if the total water content of the test section is measured from the image,

A N (I
v, = _._£.§:1n[lme. (11)

M, j=1 d,j

the measured water content will be systematically smaller. However, the correct total
water content can be obtained from the image. This is because the total water content
attenuates the neutron beam as expected, and by calculating the total water content from
the average transmission
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will yield an accurate measurement of the water content. In equations (12) and (11), the
sum is taken over the entire region of interest of N pixels, and 4,, is the area of a single
pixel. In other words, the overall transmission of the neutron beam only depends on the
amount of water in the test section. This systematic effect is reduced in in-plane PEMFC

imaging, as the water thickness that the neutron beam passes through is typically a factor
of 10 smaller, and the natural logarithm is nearly linear in transmission.

While the PSF can be modeled, it is not straightforward to deconvolve the images to
obtain a sharpened water content. Due to small pixel areas, and weak neutron source,
high resolution neutron images are noisy, specifically the signal to noise ratio for high
frequency components is very small. Deconvolved images using Wiener filtering show
little improvement in the quantitative water content over the unsharpened data, and suffer
visually. Other algorithms, such as one based on Maximum Likelihood methods may
result in sharper images, with a large computation cost. Instead, rather than attempting to
sharpen the measured data, a more robust method of comparison is to simulate the
neutron image based on a model prediction of the water content.

4 Recent in situ high resolution neutron radiography experiments of PEMFCs

The improved neutron detector spatial resolution has been a recent advance, with user
instruments first available at the end of 2006 and 2007 at NIST and PSI, respectively.

The work can be classified as proof-of-principle®”, in siu measurement of the steady-
state through-plane water content during fuel cell operation %, and dynamic

through-plane mass transport measurements' "' .

4.1 Proof-of-principle experiments



The primary results of these first experiments from each facility were primarily proof-of-
principle. Hussey, et al,”¥ used a MCP detector with intrinsic spatial resolution of 25 um,
and overall image resolution of about 30 um. With this setup, a test section was operated
in a differential cell mode, with a minimum stoichiometric ratio of about 50 on both the
anode and cathode. Due to cell motion, it was not possible to quantify the total water
content in the cell, but relative changes in the through-plane water content were observed
from open circuit voltage, and the water content increased as a function of current
density.

Boillat, e al,”) imaged a 0.15 mm wide slit with three different detector setups. By using
a 10 pum Gadox scintillator, tilted at a high angle to the beam direction, a spatial
resolution of approaching 20 um along one direction was reported. Using this system,
changes in the through-plane water content in a test section maintained at 70 °C and

1 A cm™ for four different anode and cathode inlet RH conditions were observed. The
primary observation was that for under-saturated cathode inlet RH, water collected in the
ribs in the cathode GDL.

4.2 In situ, steady-state through-plane water content

In the work of Hickner, ez al '), an operating PEMFC, with a Nafion 117 membrane was
imaged with 25 um detector resolution in sifu, and made a wide range of observations.
The center of the test section was about 4 cm from the detector face and the beam L/D
was 1200 resulting in an overall spatial resolution of about 50 um. The through-plane
water profile of the cell was measured at different cell temperatures, current densities,
and anode and cathode gas feed flow rates, and the counting statistics uncertainty
corresponded to a water thickness resolution of about 3 um for the 800 pixel-wide
regions used for the line profiles. Detailed information was obtained on the cross-
sectional water content of the gas flow channels and membrane electrode assembly. At
low current densities, water was observed to remain on the cathode. Significant water in
the anode gas flow channel was observed when the waste heat and water production of
the cell were moderate. No significant gradient in water content within the membrane
was observed from anode to cathode, which is due to the image spatial resolution. The
total liquid water content of the membrane electrode assembly was falrly stable between
current densities of 0.25 A cm™ and 1.25 A cm™ even though the water in the gas flow
channels changed drastically over this current density range. At 60 °C the water content
in the center of the gas diffusion layer was depleted compared to the membrane or gas
flow channel interfaces. This phenomenon was not observed at 80 °C where evaporative
water removal is prevalent. In a second related article, the measured water content from
three operating temperatures at nominally the same current density (0 75 mA cm™) was
compared with calculations from a pseudo two dimensional model 'V, The quantitative
agreement was not very good, due in part to model simplification and not incorporating
the instrumental broadening. However, many qualitative trends could be identified,
including water transport via the phase change induced flow (heat pipe effect). When the
instrumental broadening was incorporated, the model prediction at 80 °C was in
reasonable agreement with the measured data. ?” However, at lower temperatures, a
large discrepancy persists between the measurement and model prediction. This first
comparison provided useful insight into required model refinement and image analysis



requirements.

In the work of Spendelow, et al, '* high resolution neutron images of water profiles in an
operating fuel cell were obtained under varying cell conditions, including temperature,
current, inlet humidity, concurrent flow and counter-flow, orientation of the cell to
examine effects due to gravity, and the anode flow rate was varied to simulate the effects
of a recycle loop. Significantly more water was observed in the MEA during counter-
flow operation than under co-flow. This led to a lower high frequency resistance, as well
as better cell performance for counter-flow. Rotating the cell vertically such that the
anode and cathodes are flipped has a significant effect on the on water density, and it was
observed that positioning the anode on top decreases the tendency towards flooding,
leading to improved performance.

4.3 Dynamic through-plane mass transport measurements

The focus of Boillat, ef al,""® was examining the replacement of 'H (hydrogen) with *H
(deuterlum) in the membrane, which exploits the ~10x smaller neutron cross section for

*H. The test section was operated with lrght water and 'H; fuel on the anode at two
current densities, 0.02 A/cm?” and 0. 80 Alem?’. After stabilizing, the fuel (but not the
humidifying water) was switched to “H,. The authors observed a very rapid increase in
the uptake of “H, which was faster than that expected solely from the applied current, and
further somewhat independent of the current. This rapid exchange indicates a high
exchange current density of the hydrogen oxidation reaction. They did not observe a
complete replacement of all 'H in the membrane, only 25 % of the membrane 'H was
exchanged for “H, and the authors state that this might be due to the use of light water for
humidification.

Kim and Mench"® used high resolution neutron imaging to visualize the liquid water
flow in the through-plane direction under different thermal gradients, and two sets of
GDLs, one with only a substrate loading of polytetraflouroethylene (PTFE) of 5 % by
weight and a microporous layer, and with no PTFE content. This visualization work was
in support of an extensive series of ex situ measurements to determine the water transport
rates for thermo-osmosis and phase change induced flow. The GDL with no PTFE
showed a slight water flow with no thermal gradient due to the piezometric head.
Applying a thermal gradient, so that the liquid side was cooler, prevented the slow
leakage water flow. Reversing the thermal gradient resulted in significantly higher fluid
flow than in the case of that driven by the piezometric head. Images of the GDL
containing PTFE showed that with no thermal gradient, the piezometric head was
insufficient to create a flow through the diffusion media. For all cases investigated, when
the gas-phase side of the test section was colder, the channels were observed to fill
rapidly (few minutes) due to phase change induced flow.

Conclusions
High resolution neutron radiography has enabled the direct measurement of the through-

plane water content in PEMFCs. This in turn allows the measurement of a range of water
transport properties in the GDL, and in thick membranes. Measurement uncertainties are



dominated by counting statistics and the blurring effects due to the finite spatial
resolution. Typical uncertainties due from counting statistics contribute to the membrane
water content uncertainties at the 1 % to 5 % level. Depending on the operating
conditions, of the PEMFC, primarily at low temperature and high current density, the
spatial resolution can result in a large uncertainty. The image spatial resolution can be
modeled, and image simulations based on through-plane water content can be easily
performed in order to properly account for the instrumental broadening. New detector
technology with 10 um resolution is anticipated to be available in the near future and will
further extend the range of investigation. The currently published results have
demonstrated the utility of the technique, and it is anticipated that several new reports
utilizing the current technology will be published in the near future.
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Figure 1: Schematic layout of the NIST BT-2 neutron imaging facility, including the
main neutron optic components as well as the location of the fuel cell test and control
infrastructure.
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Figure 2: The neutron spectrum at the NIST BT2 neutron imaging facility. The spectrum
is not corrected for the neutron detection efficiency, which increases as the square root of
the energy.
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Figure 3: The measured total neutron scattering cross-section for water at 300 K*”. The
cross-section diverges as the neutron energy approaches 0. Due to this, the transmission
through a thick section of water results in the transmitted beam having a modified
spectrum, shifted to higher energy. This modification is referred to as beam hardening.
Beam hardening is a potential source of systematic uncertainty, as the measured water
thickness from applying the Lambert-Beer Law would yield a systematic thinner section
of water. In addition, since the measurement resolution is inversely proportional to the
Oot, @ Neutron beam with a cold neutron energy distribution will have a higher sensitivity
than a thermal neutron beam, as shown in Figure 4.
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Figure 4: The measured attenuation coefficient for the NIST MCP detector at the BT2
thermal neutron beam and the NG1 cold neutron beam.
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Figure 5: One-sigma measurement uncertainty measured for the MCP detector, a fluence
rate of 2x10° cm™ s™' as a function of integration area for three different integration times.
The solid curves are estimates based on Equation (7). The measured and predicted
uncertainties are in reasonable agreement.
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Figure 7: Water sorption as a function of inlet gas humidity. The uncertainty plotted is
derived from counting statistics alone. The two solid lines are the correlation for A as a
function of activity derived from Springer, et al ® and Hinatsu, et al ®®.
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Figure 8: A two-dimensional, noiseless image was simulated of a slab of water that was
2 mm thick along the beam path (ty = 2 mm) with a variable width transverse to the beam
direction. The average transmission along the width of slab was from the simulated,
blurry image is shown in (a), and is referred to as a the through-plane transmission
profile. Taking the natural logarithm of the transmission profile yields the through-plane
water profile shown (b).



Aperture | Aperture Fluence Rate
P # Dir‘r)lension =L/D (xy) (cm-2 s-1)
5 15 mm 450 1.38E+07
4 10 mm 600 4.97E+06
3 3 mm 2000 5.23E+05
2 10 x1 mm | 600, 6000 6.54E+05
1 1x10 mm | 6000, 600 717E+05

Table 1: The fluence rate and approximate L/D for the five apertures available at the
NIST neutron imaging facility. The slits in position 1 and 2 reduce the geometric blur
along one direction by about a factor of 5 over the previous configuration for use in high
resolution imaging of the through-plane water content.



Spectrum Type Mean Energy (meV) | p,, (mm™) 3 1y (mm™)
Thermal (BT-2) 25 0.338 0.001
Cold (NG-1) 3 0.645 0.002

Table 2: Attenuation coefficient measured in the calibration experiment. The uncertainty
is the one-sigma fit error. The reduced-chi-square for each fit was of order 1.




