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Gas diffusion through porous media is critical for the high current density operation of a polymer electrolyte membrane fuel
cell, where the electrochemical reaction becomes rate limited by the diffusive flux of reactants. Precise knowledge of the
diffusivity through various components in a fuel cell is necessary for accurate modeling and analysis. However, many
experimental measurements of diffusivity in literature have high measurement uncertainty. In this study, an improvement to
the accuracy of the Loschmidt cell method is presented for measuring the diffusivity through materials with a submillimeter
thickness. The diffusivity through various gas diffusion layers (GDLs) is measured, and the relative differences between
GDLs are explained using scanning electron microscopy and the method of standard porosimetry. The experimental results
from this study and others in current literature are used to develop a generalized correlation for the diffusibility as a
function of porosity in the through-plane direction of GDLs. © 2012 American Institute of Chemical Engineers AIChE J, 59:
1409-1419, 2013
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Introduction

The measurement and correlation of fluxes for gas diffu-
sion through thin porous media is of considerable importance
to the development of the polymer electrolyte membrane
fuel cell (PEMFC). Reactants and products must both pass
through the porous gas diffusion layer (GDL) that connects
flow channels to the active catalyst surface where the elec-
trochemical reaction occurs. Diffusion is considered the pri-
mary mode of transport for delivery of reactants,' and at
high current densities the electrochemical reaction becomes
rate limited by the diffusive flux through the GDL. A thor-
ough understanding of how the GDL microstructure and
operating conditions affect the diffusive flux can lead to
improvements in GDL design. However, mass transport
through the GDL is highly complex and difficult to model.
Gas diffusion is governed by molecular diffusion, while
Knudsen, viscous, and nonequimolar diffusion can occur
near walls of the porous media.” In addition, the pore struc-
ture is nonuniform with a broad range of pore sizes and
shapes.

In general, macroscopic properties of the GDL are easy to
measure. For example, pore size may be determined by mod-
ern techniques such as standard porosimetry,3 mercury
porosimetry, atomic force microscopy, and scanning electron
microscopy (SEM). However, none of the methods are able
to determine the shape or effective length of the pores. The
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GDL is a highly porous (> 70%) anisotropic material typi-
cally made up of graphitized carbon fibers. The fibers may
be manufactured into either a carbon paper of random fibers
held together with a carbonized thermoset resin binder or a
carbon cloth of woven fibers without any binder. This study
focuses on the former, while the methods used in this article
could also be applied to the later.

Pure gas diffusion for a binary gas system is governed by
Fick’s Second Law as follows,

OC;
ot
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where C; is the concentration of the gaseous species i and D; is
the diffusion coefficient between species i and j. Flow through
porous media, such as the GDL, are often described by
modifying Fick’s law with an effective diffusion coefficient,
DT, that takes into account the obstruction that the GDL has
on the flow, such that,

o €
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where f(e, 1) is the diffusibility, € is the porosity, and 7 is the
tortuosity. The adjustable parameter tortuosity is included to
account for the shape, orientation, and effective length of the
pores. It is defined as the length of a “tortuous” path divided
by the straight-line distance through a porous structure.
However, tortuosity cannot be readily measured. Thus, the
diffusibility, f(e, ), is often estimated by many geometric
models as a function of only e.* The most well-known
correlation in PEMFEC literature is that by Bruggeman,’
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The shortcoming of the Bruggeman correlation is that it
was developed from a geometric model of spherical par-
ticles, a significant departure from the geometry of a GDL.
Das et al.® acknowledges this limitation while formulating a
mathematical model for GDL diffusivity based on the
Hashin coated sphere model

fen~ro=(1-4(N=0) @

where /, is a geometric factor that accounts for the fibrous
geometry of GDLs and must be estimated using an appropriate
experimental scheme. Zamel et al.” used a numerical
simulation of the diffusion process through a three-dimen-
sional (3D) representation of a GDL to generate an expression
for the geometric factor, of the form

/g = €Acosh(Be — C) Q)

where A, B, and C are constants. On the other hand,
Tomadakis and Sotirchos®” proposed the following correlation
based on a model of random cylindrical fibers

0.9126
fle,1) = f(e) = m (6)

Unfortunately, experimental measurements'®"? have sug-
gested that many of these correlations for porous media sig-
nificantly over predict ijff in the GDL. This is a consider-
able issue for numerical studies that model PEMFC perform-
ance using these correlations, especially at high current
density conditions where reaction rate is limited by mass
transport.

To develop a more appropriate correlation, a number of
studies have focused on experimentally measuring the diffu-
sion coefficient through commercially available GDLs. Baker
et al.'"*'> and others'®'” made in situ limiting current meas-
urements to characterize gas transport resistance in an operat-
ing PEMFC. They were able to separate the effect of the
GDL on the overall gas transport resistance in the cell; how-
ever, it was not possible to distinguish between in-plane and
through-plane diffusion, variations in compression by the
bipolar plates, and mass transfer due to convection. In another
study, Baker et al.'* was able to isolate these parameters by
measuring water vapor diffusion with an ex sifu apparatus.
The simple technique involved measuring the evaporation rate
of water through a GDL, which is a function of the diffusibil-
ity of the GDL. However, this method required at least 24 h
to perform one measurement, limiting the practical number of
operating conditions and sample GDLs that could be eval-
uated. Kramer et al.'” and others'>'®' used electrochemical
diffusimetry, a novel analogy between electrical resistance
and gas diffusion, to determine ¢/t in a GDL. Their results
compared well with Baker et al'* at compressions of less
than 25%. However, the primary limitation of this method is
that diffusibility of the GDL is inferred rather than directly
measured. Furthermore, electrochemical diffusimetry may not
be appropriate for quantifying diffusion in the pores of the
microporous and catalyst layers of the PEMFC, regions where
Knudsen diffusion dominates and the relation between Fick’s
law and Ohm’s law is no longer valid. This limits the useful-
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ness of this technique beyond GDL. LaManna et al."* used a
parallel flow mass exchanger to measure vapor diffusion rates
across various GDLs with a stated uncertainty of 22%.
Although the sources of the uncertainty are not discussed,
operating the inlet gas stream at 95% relative humidity and
25°C can lead to large errors in relative humidity measure-
ments from temperature variations on the order of (10~ Hec.
More accurate measurements could be achieved by operating
the apparatus at 80°C, a temperature where the air holds sig-
nificantly more water vapor and small temperature changes
have less effect on relative humidity. Zamel et al.'' and a
similar study by Chan et al.?® modified a Loschmidt cell, nor-
mally used to evaluate binary gas diffusion coefficients, to
measure the diffusive flux through a GDL. The Loschmidt
cell directly measures gas concentration and is simple in
design, requiring only limited assumptions. The measurement
system has the potential to provide more accurate measure-
ments than other discussed techniques, and has already been
well demonstrated for binary gas systems.”'

The experimental uncertainty in the GDL diffusivity meas-
urements conducted by Zamel et al.'' is large, as will be
shown, and grows exponentially large for the measurement of
thinner materials pertinent to the development of PEMFCs
such as the microporous layer’® and catalyst layer.”? This
study builds upon the work by Dong et al.,* who determined
the theoretical accuracy of measuring diffusivity of porous
media with the Loschmidt cell method, with the design of a
new Loschmidt cell that can measure submillimeter thick
materials such as the gas diffusion (~200 um), microporous
(~50 um), and catalyst layers (~10 pm) with a high level of
accuracy. The improved accuracy is achieved by analysing
design parameters in the Loschmidt cell that are sensitive to
measurement error and have the largest contribution to mea-
surement uncertainty. The new Loschmidt cell is used to mea-
sure the diffusibility of three commercially available GDLs in
this study. The structure and properties of the GDLs are
assessed using SEM and the method of standard porosimetry
(MSP), which are compared with the diffusibility results gath-
ered from the Loschmidt cell. Diffusibility measurements
from several research groups using a variety of measurement
techniques are presented in a comprehensive comparison.
This exercise is done to assess the range of quoted values in
literature, and to determine whether there is a consensus on
diffusibility values for a specific GDL. Using these compari-
sons, a correlation for GDL diffusibility is developed based
on the measurements from numerous experimental studies,
which can be used for high accuracy modeling and analysis of
PEMFCs operating at high current densities.

Experimental
Apparatus and Measurement Principle

Loschmidt developed the closed-tube method in 1870.%*
As a result, an experimental apparatus using the closed-tube
method is commonly referred to as a Loschmidt cell. Diffu-
sive flux is determined through mixture composition meas-
urements in the Loschmidt cell, which are a function of both
time and position in a long tube that is closed at both ends.
Primary assumptions for this method are that diffusion
occurs in 1D, the cell has a uniform cross section, and it is
symmetrical about its midplane. It is also assumed that the
diffusion coefficient is independent of concentration, which
varies with time due to the transient nature of the method.
For gases, this is generally true.”
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Figure 1. Modified Loschmidt cell used in the present
study.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The Loschmidt cell must be modified to measure gas dif-
fusion through porous media by allowing a sample to be
placed near the midpoint of the long tube. A schematic of
the apparatus used in this study is provided in Figure 1,
whose design is an evolution of the modified Loschmidt cell
in literature.''??*2%2% Different gas species are contained
in the upper and lower chambers of the cell separated by a
sliding gate (5a), in this study nitrogen and oxygen, respec-
tively. When the sliding gate is opened (5b), the gas species
diffuse together through a sample placed at the interface
between the two chambers. The oxygen concentration at a
known point in the cell is measured as a function of elapsed
time using an Ocean Optics FOXY-AL300 oxygen sensor.

Performing a diffusion measurement begins by purging
the cell with oxygen from inlet (1) and venting it to atmos-
phere at outlet (6) until the oxygen probe (3) stabilizes at
100% oxygen for a prolonged period of time. The sliding
gate (5) is then closed to seal off the bottom chamber. Next,
the upper chamber is purged with nitrogen from inlet (2)
while venting it to atmosphere at outlet (4) until the oxygen
concentration stabilizes at 0% for a prolonged period of
time. Failure to achieve the exact 100 and 0% oxygen con-
centration set points at the oxygen probe (3) indicates a
problem with the apparatus that could be related to mechani-
cal sealing, oxygen probe calibration, or a software logic
error. This provides a level of automated fault checking that
is an improvement from the purging method described in
previous studies.''**** The diffusion measurement proceeds
by opening the sliding gate (5b) and monitoring oxygen con-
centration over a set period of time. The length of time
required is discussed in the complementary study by Dong
et al> A typical set of data collected by the oxygen probe
at 0.5 s intervals is provided in Figure 2 for an experiment
involving a Toray TGP-H-120 GDL at 50°C.

Oxygen sensor and phase fluorometry

The diffusive flux through the Loschmidt cell is calculated
from the oxygen concentration measurements of a single-ox-
ygen sensor probe. Thus, its calibration and measurement ac-
curacy are paramount for achieving precise results. Through
a measurement technique known as phase fluorometry, the
oxygen sensor measures fluorescence quenching by oxygen
molecules and correlates it to the partial pressure of an oxy-
gen mixture. A luminophore (in this case ruthenium) tipped
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probe fluoresces when it is excited by a blue (470 nm) LED
source.”® The florescence is quenched through a transfer of
energy when a molecule of oxygen physically collides with
a fluorophore in its excited state. Unlike nitrogen and other
molecules found in air, oxygen is uniquely able to quench
the fluorescence of certain luminophores because it is a tri-
plet molecule.’ The remaining light energy is passed
through the probe along an optical fiber to a spectrometer.
Lifetime, x, is calculated from the measured phase shift, ¢,
between the excitation LED and the fluorescence emission,
and the frequency of the light, f, using the following for-
mula,

= 2Lnftan(¢>) %)

The amount of fluorescence quenching depends on the
rate of collisions, and therefore, the concentration (or partial
pressure) of oxygen in the cell. By extension, the measure-
ments are sensitive to the absolute pressure and temperature
of the gas mixture. Thus, regular calibration is necessary to
account for daily fluctuations in atmospheric pressure and
design temperature set points.

Exposing the oxygen sensor to a series of known oxygen
concentrations allows the sensor to be calibrated. The nitro-
gen-oxygen gas composition is controlled by two Omega
FMA-series mass flow controllers that feed the correct ratio
of oxygen and nitrogen through inlets (1) and (2), past the
oxygen sensor, and out through outlet (4) in Figure 1. A 20-
point calibration (typical of Figure 3) is automatically per-
formed before each set of runs to correlate measured x val-
ues to oxygen concentration. A high-order polynomial fit is
applied to the data points to smooth the data, and to enable
interpolation of other x values.

Sensor drift is the largest concern for this type of mea-
surement system. The manufacturer of the oxygen sensor
lists the stability of the oxygen measurement as decreasing
by 0.01% per hour at continuous operation. The drift is prac-
tically eliminated by recalibrating the probe before each set
of measurements using an automated process.
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Figure 2. Oxygen concentration vs. time measured by

the oxygen sensor for an experiment involv-

ing a Toray TGP-H-120 gas diffusion layer at

50°C.
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Figure 3. Typical calibration curve for oxygen sensor

relating lifetime to oxygen concentration.

Temperature

The temperature at which the diffusion experiment takes
place is controlled by a temperature-controlled water loop
that circulates through passages machined adjacent to the
gas column in the Loschmidt cell, depicted in Figure 4. A
Thermo Scientific RTE-7 temperature bath maintains temper-
ature stability to within 0.2°C. Manifolds on the hot and
cold side of the loop ensure even flow through each passage
in the Loschmidt cell and, thus, an equal temperature distri-
bution. A new calibration is required for each temperature
set point, because the oxygen concentration measurement is
sensitive to absolute temperature. Thermocouples located in
the upper and lower gas chambers confirm gas temperature
uniformity throughout the duration of a test. The maximum
operating temperature of the probe is rated at 80°C. Meas-
urements were conducted over a range of temperatures (25,
50, and 70°C) designed to simulate conditions that are typi-
cal of an operating PEM fuel cell.
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Figure 4. Schematic of temperature controlled water
loop for the Loschmidt cell used in the pres-
ent study.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 1. Properties of Gas Diffusion Layers used in the
Present Work

Thickness (pm) Porosity
Toray TGP-H-060 196 0.785
Toray TGP-H-120 364 0.769
SolviCore Type A 194 0.844

Gas diffusion layer

The properties of the GDL used in this study are summar-
ized in Table 1. Thickness was determined by taking the av-
erage micrometer readings of three samples measured at five
locations per sample. Porosity was determined from an aver-
age of three samples each measured once using the MSP
technique (Porotech, Toronto, ON). Thickness and porosity
measurements were found to be within 3% of the manufac-
turer’s specifications for Toray GDL.** SolviCore did not
provide similar information.

The GDLs were selected so that thickness (Toray TGP-H-
60 and TGP-H-120) and manufacturer (Toray and SolviCore)
variations could be compared. Although treating GDLs with a
hydrophobic agent such as polytetrafluoroethylene (PTFE) is typ-
ical in commercial PEMFCs, raw GDLs were intentionally cho-
sen to simplify the study between pore structure and gaseous dif-
fusion. In an operating PEMFC, both compression and liquid
water saturation alter the porosity of the GDL and impact diffu-
sivity. The experimental method developed in this study could
be applied to measure the effect of these variables on diffusivity.

Gas diffusion measurements were conducted using three sam-
ples of each type of GDL. Variability in results for the same
type of GDL were within the bounds of experimental uncer-
tainty described in the following section. Each sample was
tested three times. Each test consisted of 20 experimental runs
performed consecutively with the same calibration. To observe
the effects of temperature, these tests were repeated over three
temperatures of 25, 50, and 70°C. Binary gas diffusion measure-
ments were performed in a similar manner. Results for each
GDL were averaged using a 95% confidence interval.

Data Analysis

Fick’s Second Law for 1D gas diffusion with constant dif-
fusivity, as given in Eq. 1, can be solved for the Loschmidt
cell using separation of variables and applying the following
initial and boundary conditions

oc =0 3
Ox £L/2
C(—L/2 < x<0,t =0) = Cop ©)
C(0<x <L/2,t=0) = Cy; (10)

where L is the total length of the Loschmidt cell, C,}, is the
initial concentration in the bottom chamber, and C,, is the
initial concentration in the top chamber. An analytical solution
for gas diffusion in the Loschmidt cell is obtained as follows,33

Cop + Coy 2 & o~ (B) 1Dyt

2 (Co,b - Co,l) E Z

m=0

Clv) = 2m+ 1

sin%(Zm—i— ) (11)

where C is the concentration at any location x and time ¢ and
Dj; is an estimate of the diffusion coefficient. The curve
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generated by the analytical solution, Eq. 11, using an initially
assumed diffusivity is compared to the measured oxygen
concentration as a function of time, such as the one shown in
Figure 3. The difference is measured in terms of a root-mean-
squared (RMS) error defined as,

L 12
RMS(Dj) = (I;Z [n(xp, tn) — ﬂn]2> (12)
n=1

where p is the total number of points considered (typically 500
in this study), x;, is the location of the oxygen probe, 7, is the
time of measurement n, and #, is the concentration of
measurement 7. This expresses how well the assumed
diffusion coefficient fits the data. An accurate estimate of
the diffusion coefficient is found by applying the Newton—
Raphson method to find successively better approximations
for Dj;. Because the derivatives for RMS are not easily found,
finite difference approximations for the first and second
derivatives can be expressed as

RMS(D, + I'Di‘) — RMS(D, — I'Di‘)
RMS/ (D) ~ ) . : ) 13
( J) 2I’Dij ( )

RMS,,(D) - RMS(DU+I‘D1J)72RMS(DU)+RMS(DU — I’Dij)
i) ~
i ("Dij)z

(14)

The ratio r is used rather than a constant AD so that the
magnitude of the change for each step is related to the mag-
nitude of Dj;. This ensures stability even with significant
changes in order of magnitude. From Eqs. 13 and 14, the
Newton—Raphson iteration & + 1 with a relaxation term, w,
can be written as a function of the previous iteration &, such
that

k
RMS'(DY)

k+1 ok
Dij ~ Dij — (1 - w) RiMS”(Dk.)
ij

as)

This process is executed in Matlab until solution conver-
gence for the binary gas diffusion coefficient, D;;, where the
criterion for convergence is

Di™ — Di < (0.1%)DY (16)

The error generated from Eq. 16 is deemed to have a neg-
ligible effect on Djj, considering the experimental error that
is discussed in the following section is one order of magni-
tude larger.

When a porous sample is inserted into the Loschmidt cell,
Eq. 15 produces an equivalent diffusion coefficient, D;, that
represents the heterogeneous diffusion through the bulk gas
and the sample. Following the procedure used in previous
studies,' 29222729 the resistance network method may be
applied between the oxygen probe (3) and sliding gate inter-
face (5) in Figure 1 in order to solve for the effective diffu-
sion coefficient of the porous sample. The equivalent diffu-
sive resistance, R.q, is the sum of the diffusive resistance
through the binary gas, Ryinary, and the sample, R

Req = Rbinary + Refr a7
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or,

xp_xpfl l

€q ~ . binary eff
Dy D™ Dj

(18)

where / is the thickness of the porous sample. The validity of
solving for R.g with the resistance network method has not
been discussed in previous studies.'!:20-22:27:29 Dong et al.??
demonstrates that the method is only accurate within a specific
range of Fourier numbers

19)

where ¢ is the characteristic time, or the length of time the
experiment is run for (see Figure 2). The Fourier number can
be controlled for a specific experiment by adjusting .

Uncertainty Analysis

The diffusion coefficient, Djj, is not measured directly by
the experimental apparatus. Rather, Dj; is calculated from a
set of measurements, Xy, as described earlier, such that

Dy = Dyj(X1, X2, ..., XN) (20)

A traditional method of calculating the uncertainty of Dj;
is through a root-sum-square (RSS) method where each term
is the partial derivative of Dj; with respect to X,, multiplied
by the known uncertainty interval of X, or

12

oDy = @21

N 3Dij 2
X
> (Grhon)

n=1

However, Dj; is not easily differentiable considering the
iterative nature of the solution described in Section Data
Analysis. For such a case, Moffat* recommends a computer-
ized uncertainty analysis where input variables are sequen-
tially perturbed to generate an uncertainty contribution in Dj;
for each variable. The overall uncertainty in the result is the
RSS of these individual contributions.

Sources of uncertainty in the measurement apparatus that
have a significant impact on the measured diffusion coeffi-
cient include the oxygen sensor and the oxygen and nitrogen
mass flow controllers.

The manufacturer of the oxygen sensor quotes the uncer-
tainty as less than 5% of reading for oxygen concentrations
in the range of 0-20%. However, calculation of the diffusion
coefficient is most sensitive to the measured oxygen concen-
trations from 20 to 40%. Without a clear measure of uncer-
tainty from the manufacturer, the mass flow controllers feed-
ing oxygen and nitrogen into the cell are used to evaluate
the accuracy of the sensor. Based on repeated measurements,
the oxygen sensor is found to have an error of less than 1%
of full scale when the mass flow controllers supply a gas
mixture with a known concentration of oxygen. The uncer-
tainty of the oxygen sensor is taken as +1% of full scale for
the purposes of this analysis.

The performance of the oxygen sensor is dependent on its
calibration at a specific temperature and pressure and is also
necessary to compensate for sensor drift over time. Mass
flow controllers flow oxygen and nitrogen past the oxygen
sensor to calibrate it to a series of known concentrations.

DOI 10.1002/aic 1413



Table 2. Sources of Measurement Equipment Uncertainty in
the Experimental Apparatus and their Impact on the
Uncertainty of the Calculated Diffusion Coefficient

Measurement Uncertainty
Source of Uncertainty Error (% of full scale) in Djj (%)
Oxygen sensor 1.0 0.69
measurement
Mass flow controller 1.0 2.2
measurement

The manufacturer provides an uncertainty of +1.0% of full
scale for each mass flow controller.

Table 2 provides the results of a computerized uncertainty
analysis that was performed on the two major sources of
uncertainty previously described. An overall measurement
equipment uncertainty in Djj, or D‘qu when a sample is pres-
ent in the cell, of 2.30% was found by calculating the RSS
of the individual contributions to the uncertainty listed in Ta-
ble 2.

When using the resistance network method, the experi-
mental uncertainty of the effective diffusion coefficient, ijff,
is impacted by two sources of error: the measurement equip-
ment uncertainty calculated above and the error due to the
use of the resistance network approximation. Dong et al.>
provides a more detailed analysis of the error associated
with the use of a resistance network approximation and how
it can be effectively eliminated for a well-designed experi-
ment.

The measurement equipment uncertainty in DS due to the
uncertainty in ijq can be expressed using Eq. 21, such that

. |oDs
oD = | LoD (22)

where Dieiff is calculated from the resistance network in Eq. 18.
Thus, measurement equipment uncertainty in Diejft is equal to

-2
sp°ff — Ap Xp X!

! e S
i 2 eq bine
\) (Diejq) Dij Dijmary

5ijq (23)

The effect of the measurement equipment uncertainty in
Df'jff is strongly influenced by the geometry of the Loschmidt
cell, namely the oxygen probe position, xp, and thickness of
the porous sample, /. The geometric sensitivity can be
expressed in terms of a resistance ratio, Re¢/Rpinary, Which is
the ratio of the resistance to diffusion between the sample
and the binary gas. Figure 5 shows how the uncertainty due
to the measurement equipment varies with the resistance ra-
tio. For many thin materials used in fuel cells such as the
gas diffusion layer, microporous layer, and catalyst layer, the
resistance ratio can be controlled for a given experiment by
stacking multiple samples on top of one another to change
the thickness, /. For most practical experiments dealing with
submillimeter thick samples, the resistance ratio falls in the
range of 0—1 due to physical limitations in probe placement
within the cell. Figure 5 shows that the measurement uncer-
tainty is less than 10% when resistance ratio is maintained
in this study above 0.5.

For comparison, the resistance ratio for the GDL diffusiv-
ity measurements performed by Zamel et al.'' using a

1414 DOI 10.1002/aic
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Loschmidt cell is on average 0.075 based on their reported
dimensions. Figure 5 shows that this corresponds to a mea-
surement uncertainty of about 30%. Using the same appara-
tus, PEMFC catalyst layer diffusivity measurements per-
formed by Shen et al.>? have a resistance ratio that is also
about 0.075. However, the substrate that the catalyst layer is
applied to results in an additional uncertainty term, which
makes the calculation of overall uncertainty less straight for-
ward. Using Eq. 21, the uncertainty was found to be about
60%. These large experimental uncertainties underscore the
importance of controlling the resistance ratio in an experi-
ment to achieve accurate measurements.

There are sources of error that have no way of being
intentionally perturbed, nor their effect easily measured. The
magnitude of some of these errors was calculated by Tor-
dai* to show their negligible effect on the results. In other
cases, the errors may be excluded from the calculation of
uncertainty when the terms appearing in Eq. 21 are at least
three times smaller than the largest term.** The nil effect of
these terms is a result of applying the RSS method, which
causes small terms to have very small effects. These sources
of error include the following

® An unequal volume of gas in the upper and lower cham-
bers due to valve attachments. The number of valve attach-
ments was reduced compared to the similar apparatus used
in Refs. 11, 22, 26, and 28.

e A small initial pressure difference between the gases in
the upper and lower chambers can cause an initial mass flux
at t+ = 0 that is not due to diffusion. Operating the Losch-
midt cell at atmospheric pressure and venting the chamber to
atmosphere during chamber filling ensured that no pressure
difference would be present.

® The oxygen concentration profile in the Loschmidt cell
is assumed from an oxygen sensor measurement at a single-
stationary probe location. The accuracy of the probe loca-
tion, x,, is essential for predicting the correct oxygen con-
centration profile. Once the sensor’s probe was mounted in
the cell, a micrometer depth gauge was used to measure its
location. The uncertainty in the distance from the midplane
is estimated as +£0.1 mm. However, this measurement does
not influence the overall uncertainty of ijff because the sys-
tematic error remains constant for both measurements of

30
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Measurement Uncertainty in D“‘“ [%]

ol i i . i
0 0.2 0.4 0.6 0.8 1
Resistance Ratio [Rq/Ry;,.,]

Figure 5. Measurement uncertainty for the effective dif-
fusion coefficient, Dﬁ“, as a function of resist-
ance ratio.

In this study, uncertainty is less than 10% for a resist-
ance ratio above 0.5.
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Figure 6. Binary gas diffusion coefficient and effective
diffusion coefficient of gas diffusion layers
measured at various temperatures using the
Loschmidt cell developed in this study.

Each data point is an average of 3 measured samples.

Dginary
systematic error in x;, is cancelled out.

e At the start of a measurement, the sliding gate spends
several seconds in a partially open position during its open-
ing movement. Tordai*> showed that this event would gener-
ate a constant time error. Similarly, the oxygen sensor has a
manufacturer reported response time of less than 1 s that
generates a time error. These errors do not affect the shape
of the oxygen concentration vs. time profile; they only shift
it along the time axis. The precise start time of the experi-
ment, ¢+ = 0, is found by extrapolating the oxygen concentra-
tion measured by the sensor vs. time data to the time when
oxygen concentration equals zero in Figure 2. The stepper
motor controller aids in the repeatability of this event.

e The opening movement of the sliding gate can introduce
a perturbation in the fluid. This effect has been investigated
and shown to be small.*® Performing measurements with
various gate opening speeds have confirmed this result.

e Errors due to convective mass flux have been minimized
through apparatus design. The lighter gas, nitrogen, is placed
in the upper chamber to prevent buoyancy effects from driv-
ing the flow. Similarly, the Loschmidt cell is mounted verti-
cally, rather than horizontally, to prevent a “spillage” con-
vective flux where the heavier gas spills into the opposite
chamber.

e The Loschmidt cell has been mounted on rubber damp-
ers to minimize the effect of vibrations on the experiment.
High frequency vibrations can increase the rate that gases
mix and influence the measurement of diffusive flux.

and Di. By applying Eq. 18 to solve for D§", the

Table 3. Diffusibility of Gas Diffusion Layers Measured at
Various Temperatures

Diffusibility (D§/D}™™)

Temperature Toray Toray SolviCore

§©) TGP-H-060 TGP-H-120 TypeA

25 0.324 0.284 0.377

50 0.317 0.303 0.389

70 0.339 0.316 0.396

Average 0.327 0.301 0.387
AIChE Journal April 2013 Vol. 59, No. 4

Published on behalf of the AIChE

o
w
T

§ S 2 o
y x

OPresent Study TGP-H-060
® Present Study TGP-H-120
XLaManna etal. (2011)

= Martinez et al. (2010)
XZamel et al. (2010)
©Baker et al. (2009)
AKramer et al. (2008)

+ Fluckiger et al. (2008)
DOBaker et al. (2006)

Diffusibility, f{€)
(-]
o

e
=
T

0

10 30 50 70 90
Temperature ['C]

Figure 7. Diffusibility of Toray gas diffusion layer exper-

imentally determined by various studies over

a range of temperatures with no (or mini-

mum) compression force applied.

e Temperature gradients are eliminated through the mani-
fold design discussed in Section Temperature. Thermocou-
ples mounted in the upper and lower gas chambers confirm a
negligible temperature difference.

® The absorption and desorption of gases in the sliding
gate sealing o-rings and lubricant can dilute the concentra-
tion gradient. Experiments were performed to quantify the
rate of adsorption and desorption, measured with the oxygen
sensor. Measurement runtime was chosen to minimize this
error, while still collecting enough data points to not com-
promise measurement accuracy.

Results and Discussion
Effect of temperature

The effect of temperature on nitrogen-oxygen diffusion
has been extensively measured in literature.”"* Figure 6
presents the binary gas diffusion measurements from this
study with error bars that show the experimental uncertainty
calculated in Section Uncertainty Analysis. The measure-
ments agree well with those in literature and fall within the
uncertainty limits described in each. This agreement helps to
validate the results presented in this study.

The GDL is comprised of graphitized carbon fibers that
are dimensionally stable within the temperature range eval-
uated in this study. Thus, it is expected that diffusibility will
not change with temperature. The measured through-plane
GDL diffusibility is summarized in Table 3 for different
temperatures. Diffusibility increases slightly with tempera-
ture; however, the increase is within the bounds of experi-
mental error. This is in agreement with the experimental
results of Zamel et al.'' An average diffusibility is provided
in Table 3 as a best estimate of diffusibility.

Comparison to existing literature

Several research groups have measured the diffusibility of
untreated Toray GDL using the techniques of limiting cur-
rent, water evaporation, electrochemical diffusimetry, and
the Loschmidt cell.'®'"""*1>18 It is a useful exercise to com-
pare the results from these studies to determine whether they
are in agreement. Figure 7 presents the measured diffusibil-
ity of various Toray GDL (—030, —060, —090, and —120
series) reported in literature as a function of the temperature
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Figure 8. Pore-size distributions of gas diffusion layers
found by the MSP.

they were measured at. Using the average of each research
group’s measurements, the average diffusibility for Toray
GDL in literature is 0.317 at no compression. The results of
this study agree well with others.

Effect of GDL microstructure

GDL Thickness A common assumption in current litera-
ture is that GDLs within the same series (i.e., Toray GDL
—030, —060, —090, and —120 series) have a uniform micro-
structure that is independent of manufactured thickness. In
general, this assumption is made so that the thickness of a
GDL can be varied within an experiment. The diffusibility
of Toray TGP-H-060 and TGP-H-120 have not been meas-
ured with the same experimental apparatus. For example,
Kramer et al.'” measured the diffusibility of only TGP-H-
060 and Zamel et al.'"' measured the diffusibility of only
TGP-H-120. Between the two experimental techniques, mea-
surement uncertainty is too large to directly compare the dif-
fusibility. This is further evidenced in Figure 7, which shows
a wide range of measured values for Toray GDL.

The diffusibility of Toray TGP-H-060 and TGP-H-120
differ by 8% in Table 3, which suggests that the microstruc-
ture of the two Toray GDLs are not the same. This result is
supported by differences in porosity recorded in Table 1.
Fishman et al.>**” used high-resolution computed tomogra-
phy to show that TGP-H-060 and TGP-H-120 have a hetero-
geneous through-plane porosity distribution. TGP-H-060
exhibited a higher porosity in the core region of the GDL,
and a lower porosity near the edges. Interestingly, TGP-H-
120 had a through-plane porosity distribution that resembles
two TGP-H-060 GDL stacked together. This suggests that
thicker Toray GDLs are manufactured by compressing multi-
ple plies together.'*® Similarly, TGP-H-090 is believed to be
comprised of three layers of TGP-H-030.%

The heterogeneous porosity distributions of Fishman et
al 3%’ agree well with the pore-size distributions in Figure 8
for Toray TGP-H-060 and TGP-H-120. Pore size in these
GDLs fall into two distinct groups around 12—-17 wm and
18-24 um, corresponding to near surface and core regions of
the GDL, respectively.

Figure 8 and knowledge of the manufacturing differences
between Toray TGP-H-060 and TGP-H-120 can help to
explain why TGP-H-120 has a lower diffusibility than TGP-
H-060. The force applied to the TGP-H-120 to mold the
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plies together reduces the porosity of the subsequent GDL.
Figure 8 shows that the TGP-H-120 has fewer pores in the
18-24 um range than the TGP-H-060. Large pores, corre-
sponding to a large distance between fibers, are the mechani-
cally weakest part of the GDL. As a result, compression
force will have the largest effect on these large pores as Fig-
ure 8 demonstrates.

These results are significant for studies that assume uni-
formity between different manufactured thicknesses to infer
aspects on how a PEM fuel cell operates. Caution should be
used when small property variations, such as an 8% differ-
ence in diffusibility, between Toray TGP-H-060 and TGP-H-
120 could impact the accuracy of the measurements. In liter-
ature, thermophysical property measurements are commonly
expressed or implied to have uncertainties of less than 8%.

GDL Manufacturer This study is the first to the authors’
knowledge to measure the diffusibility of SolviCore Type A
GDL, provided in Table 3. The most appropriate comparison
to the diffusibility of SolviCore can be made with Toray
TGP-H-060, of which both are near identical thickness. Dif-
fusibility of the SolviCore GDL is ~20% greater than Toray
TGP-H-060. This result can be attributed to the porosity and
pore-size distribution of the respective GDL. The porosity of
the SolviCore GDL is ~8% greater than the TGP-H-060.
Although pore size ranges from 13-30 wm for the TGP-H-
060 GDL, pore size for the SolviCore GDL have a much
larger range of 13-50 um.

In-plane SEM images of SolviCore and Toray GDLs are
presented in Figures 9 and 10, respectively. The primary
microstructure differences between the two GDLs are in the
fiber arrangement and the distribution of binder between the
fibers.

Fibers in the Toray GDL are tightly stacked on top of one
another in the through-plane direction. The inlay in Figure
10 shows at least eight fibers stacked above one another.
Considering these eight overlapping fibers are all within the
depth of focus of the camera, this suggests that they are in
close proximity to one another. In contrast, the fibers of the
SolviCore GDL are more spread out in the through-plane
direction. The inlay in Figure 9 shows only two overlapping
fibers within the depth of focus of the camera, with a third
fiber out of focus in the background. This suggests that there

Pt e - } 11 f’/"?\ = of il s
Figure 9. In-plane SEM image of SolviCore Type A gas
diffusion layer at 100x magnification.

Inlay shows enlarged region of interest.
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Figure 10. In-plane SEM image of Toray TGP-H-060 gas
diffusion layer at 100x magnification.

Inlay shows enlarged region of interest.

is a mat of fibers in the foreground and another in the dis-
tance, separated by a large void space or pore.

There is significantly more binder per fiber visible in the
SolviCore GDL than the Toray GDL in Figures 9 and 10.
The binder in the Toray GDL forms smooth skins between
the fibers, distinctly different from the coarse particles of the
SolviCore GDL binder. Kramer et al.'” notes that the skins
are preferentially oriented in the in-plane direction. The
binder distribution of the SolviCore resembles clumps
around the fibers without being preferentially oriented in any
direction.

Limitations of current geometric models

It has been well demonstrated in current literature that rel-
evant correlations based on porosity significantly over pre-
dict the through-plane diffusibility of carbon papers.
The primary shortfall with these correlations is that they do
not take into account the amount and distribution of binder

on the fibers. In fact, correlations agree very well with ex-
12

7,10-12,18

perimental data for carbon cloths, © which do not contain

any binder material.
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Figure 11. Diffusibility of gas diffusion layers with less
than 10%-wt.

PTFE content as a function of porosity that have been
reported in literature.
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Including an additional parameter in a geometric model
that considers the amount of binder present could provide
better agreement between geometric models and experi-
mental data. Figures 9 and 10 show that binder has a sig-
nificant impact on the shape, orientation, and effective
length of pores based on the amount and distribution of
binder on the fibers. As such, the tortuosity parameter, T,
in a geometric model should be a function of the binder
content. However, tortuosity cannot be determined by
straight forward means making the influence of the binder
difficult to quantify.

Correlations developed from experimental data alleviate
the difficulties in quantifying the influence of the binder
on diffusibility, because the experimental measurements
inherently include them. Zamel et al.” developed a corre-
lation for the diffusibility of Toray GDL as a function of
porosity using a geometric model that was validated
using experimental data. However, their model is not
necessarily applicable to other brands of GDL because
the distribution of binder varies significantly from one
brand of GDL to another (Figures 9 and 10). At the time
of publication, experimental data for other GDL brands
were not available.

Modified correlation using experimental data

Figure 11 provides diffusibility measurements for GDL
with less than 10% PTFE content from several studies as
a function of porosity, presented together for comparison.
The inlaid graph provides an enlarged region of the data
for clarity. The data shows a distinct trend despite have
a relatively large spread, which is attributed to the high
measurement uncertainty in the respective studies, and
the variations in microstructure among GDL manufac-
turers.

Using the correlation developed by Das et al.,° Eq. 4, and
the geometric factor developed by Zamel et al.,” Eq. 5, a
new set of correlation parameters is found using the experi-
mental data in Figure 11. Table 4 presents the correlation
parameters generated from a least-squares fit with an R?
value of 0.933, compared to the values used by Zamel et al.’
that results in an R* value of 0.887 for this set of experimen-
tal data. Thus, the modified correlation for the through-plane
GDL diffusibility as a function of porosity is

fle) = (1 — (2.72¢) cosh(2.53¢ — 1.61) (%)) (24)

Equation 24 is shown in Figure 11, along with the original
correlation proposed by Zamel et al.” Although the original
correlation gives a reasonable estimate of diffusibility for
porosities between 0.6 and 0.9, below this range it deviates
greatly.

Equation 24 provides the best estimate to date of diffusi-
bility as a function of porosity for all GDLs with less than

Table 4. Correlation Parameters for Eq. 24 that Predict the
Through-Plane Diffusibility of Gas Diffusion Layers with
less than 10%-wt PTFE content

A B C  Validity Range  R*

Zamel et al. (2000) 2.76 3.00 192 033 <e<1.0 0.887
Present Study 272 253 161 037<e<09 0933
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10%-wt. PTFE. A precise correlation may not be feasible to
describe the through-plane diffusion in all GDL carbon
papers due to the diversity in microstructure present among
different GDL manufacturers. However, future studies may
benefit from this work for estimating GDL diffusibility in
fuel cell models where precise experimental data does not
exist. The experimental methods developed in this work, par-
ticularly with regards to measurement uncertainty, should
lead to more accurate diffusibility measurements for GDL,
as well as measurements on the diffusibility of the micropo-
rous layer and catalyst layer of PEMFCs for which there is
limited data.

Conclusion

In this study, the closed-tube method, commonly referred
to as the Loschmidt cell, was modified to measure the
effective diffusion coefficient of submicrometer thick sam-
ples to a high degree of accuracy. Improvements over pre-
vious Loschmidt cell designs were achieved by identifying
parameters sensitive to measurement error. A resistance ra-
tio was identified as an important parameter that affected
uncertainty and stacking multiple samples during measure-
ment allowed this parameter to be controlled. The effective
diffusion coefficient was measured for Toray and SolviCore
GDL and the effect of thickness and microstructure was
assessed. Diffusibility varied with thickness for Toray
GDL, with a difference of 8% between the samples tested.
This breaks the standing assumption that transport coeffi-
cients are the same at different thicknesses. The SolviCore
GDL had a 20% greater diffusibility than Toray GDL,
which was attributed to the substantially larger pores of the
SolviCore GDL. Experimental diffusibility results in pub-
lished literature covering a variety of measurement techni-
ques were presented together as a function of porosity. A
modified correlation that relates diffusibility to porosity for
carbon paper GDL with less than 10%-wt. PTFE was pro-
posed that takes into account all of this experimental data.
The correlation should prove useful for the estimation of
diffusion coefficients in fuel cell models when specific ex-
perimental data are not available.
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