A new simultaneous membrane thickness and catalyst loading measurement for

fuel cell proton-exchange assemblies by IR transmission

We present a study of mid-infrared (mid-IR) transmission through typical proton-exchange
fuel cell and water electrolyzer catalyst-coated membrane materials, and the determination
of membrane layer thickness, and catalyst layer loading, from the power of the transmitted
beam. Measured membrane thicknesses lay in the range of 25 to 125 um, and catalyst areal
loadings range from 0.05 to 0.35 mg/cm® We show that the transmission spectrum
correlated to membrane thickness and catalyst loading values separately, and also used a
mathematical model to calculate both quantities simultaneously, from a single
measurement of transmission. Measurements were carried out using a Fourier-transform
infrared (FTIR) spectrometer, in specular transmission mode, in the wavelength range of 3
to 13 pum (3333 to 770 cm™). We discuss the potential application of this method to the
development of roll-to-roll manufacturing full-area-scanning quality inspection of catalyst-

coated membrane (CCM) materials.
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Introduction

As a major component of a clean-energy future, hydrogen and fuel cell technologies provide clean,
portable, high-density energy, useful in many settings including fuel cell vehicles and for operations in
remote locations. Anticipating the upscaling of hydrogen technology, an appropriate large-scale
manufacturing method with the potential to reduce manufacturing cost barriers is high-speed, high-
volume roll-to-roll (R2R) [1,2] fabrication of membrane-electrode assemblies (MEAs), the primary
electrochemical components of proton-exchange membrane (PEM) fuel cells and PEM water
electrolyzers (PEMWE). Quality control (QC) methods are essential in any manufacturing system.
Current MEA QC generally relies on the manual, destructive testing of MEA sample sets that are
considered to be representative of entire roll goods. However, large-scale deployment of fuel cell systems
will demand more stringent targets for MEA quality, reliability, and manufacturing efficiency, especially

in minimizing the waste of catalytic precious metals in MEA rolls which fail inspection.

An optimal MEA QC inspection method would therefore provide non-destructive measurements, in-line
with the fabrication system for real-time process control, and would allow area-scanning/full-field
imaging of the full roll material. To implement measurements which are insensitive to the material
vibrations realistically present in R2R systems, transmission methods have been developed including the
beta- [3] and X-ray [4] gauges as point measurements for metallic and polymer films. Visible-spectrum
transmission densitometry [5] is applicable to semi-transparent materials. Recent advances applying
interferometric methods to electronic materials include a study [6] which compensates for material
vibrations using an active feedback mechanism, achieving area scanning of photovoltaic materials in the

visible spectrum, while another [7] has been used to identify defects in flexible electronics.

In the case of application to fuel cell MEA and PEMWE materials, one or more layers of carbon and/or
carbon fiber are present, which are strongly absorbing and scattering in the visible spectrum, making

visible interference and transmission difficult. Additionally, typical carbon layer thicknesses are on the
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order of microns, which is below the detection limit [8] of some of the above methods. To meet these and
other challenges and advance manufacturing QC methods for these materials, we have developed several
non-destructive, in-line, area scanning techniques, including diffuse reflectance imaging [9],
hyperspectral imaging [10], active thermal scanning [11], direct current (DC) electrical IR scanning [12],
and reactive excitation (including reactive flow through [13,14] and reactive impinging flow [15]). These
methods have demonstrated effectiveness for subsets of MEA structures: perfluorosulfonic acid (PFSA)
PEMs, catalyst-coated PFSA membranes (CCMs), and diffusion media with catalyst coatings (gas-
diffusion electrodes, GDEs). These in-line QC methods are capable of being integrated into R2R
fabrication systems, and are area-scanning techniques which image all material passing through an

inspection head.

In this work we investigated the direct, spectrally-resolved transmittance of mid-infrared (MIR) light
through CCM and membrane materials, a technique amenable to future in-line, area-scanning

implementation.

PFSA membranes have a polytetrafluoroethylene (PTFE) carbon-fluorine (CF) (-CF»2-), backbone with
perfluorovinyl ether side chains, each containing a sulfonic acid (SO3°) group. PFSA is an anionic
insulator, and is a cationic conductor by means of both hopping between SO;™ groups and aqueous
diffusion, and is generally chemically, thermally, and mechanically stable. Dielectric and optical
properties of PFSA membranes have been studied in the ultraviolet (UV) [16 ], visible [17], IR
[18,19,20,21], and microwave [22,23,24,25] regimes. A review of early work on IR optical properties
was done by Heitner-Wirguin [26], describing study of the backbone CF» resonances, the degree of
hydrogen bonding in hydrated PFSA, cluster phase polarities, metal binding, and the effects of different
species and temperature increases on SOz resonances. IR reflection and absorption properties have been
investigated using FTIR, infrared reflection absorption spectroscopy (IRRAS), and the insertion of

luminescence probe agents. The main features of the MIR PFSA spectrum are the strong and broad

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



symmetric and asymmetric CF, absorption peaks at 9.1 um (1100 cm™) and 8.3 pm (1200 cm™)
respectively [27,28]. Areas of the absorption spectrum away from these peaks are determined by
numerous, overlapping peaks associated with other species and vibrational stretching and bending modes

[29] additional to those of CF-.

Using FTIR transmittance spectroscopy, Rao [30] studies the effect of UV irradiation on the crosslinking
of SO;™ groups and the presence of hydronium ions, and the consequent effects on cationic transport.
From Rao’s typical transmittance spectra of PFSA membranes of 180 um thickness, we expect
transmittance to vary from nearly zero at the absorption peaks to a maximum above 60% for thin samples

away from the absorption peaks.

Although we find no literature on MIR transmission of catalyst layer materials (Pt or IrO,) specifically,
the dielectric [31] and optical [32,33,34] properties of solid carbon black, a typical and predominant
component of catalyst materials in fuel cell electrodes and PEMWE cathodes, have been studied, as well
as the optical properties of colloidal carbon black [35]. Jager [36] describes IR absorption in carbon black
as controlled by free charge carrier absorption, with steadily decreasing extinction with increasing
wavelength. While far-infrared absorption depends strongly on particle morphology and agglomeration,
MIR absorption depends mainly on the C-bonding character internal to particles. Absorption also
depends strongly on production conditions: carbon black produced with higher pressure inert gases in the
cooling phase have greater carbon sp%sp® hybridization ratios within particles, more available free
carriers, and greater absorption. The same study also observes absorption peaks for hydrogen-carbon
(HC) bonds when hydrogen is present as an additive. A recent study [37] on the UV/visible and IR
properties of catalyst layers and inks shows that while the carbon black and ionomer volume fractions of
these layers are comparable, the volume fraction of catalyst itself is small, typically less than 4%. We
therefore expect both carbon black and ionomers in catalyst layers to contribute observable features to

measured spectra, while catalyst features may be weak or not observed.
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To estimate a minimum transmittance for a pure carbon black layer, we took the high extinction case of
short wavelength of 3 pm and high sp?/sp® ratio, giving a mass extinction efficiency from Jiger [38] of

9-10° cm?/g. The transmittance T is related to the mass extinction efficiency u,,, by

T = 1/10 = e~HmpPt

where | is specular transmitted power, [, is incident power, p is mass density, and t is layer thickness. For
a relatively thick catalyst coating, with a high loading of 0.4 g/cm? and typical thickness of 5 pm, we
found a MIR transmittance on the order of 10 . From this and the literature transmittance of PFSA, we
expected the overall transmittance of CCM samples of varying thicknesses in both layers to be small but
measurable, on the order of 103 to 10-!. The mass extinction of carbon black increases steadily from the

MIR to near-infrared to visible regimes, making the MIR a practical choice for spectroscopy.

The first section of this study describes the materials chosen for measurement, including fabrication
conditions. This is followed by a description of characterization methods, and of parameters of the FTIR
measurements. Next spectral data for the membrane and CCM materials are presented and reviewed,
including noting spectral features that lend themselves to the analysis and model development of the
following section. The details then follow of the expressions and parameters of the numerical model of
membrane thickness and catalyst loading, and an assessment of its accuracy relative to the same
characteristics measured independently. The study closes with a concluding section, and with

expectations of future work.

Materials

The series of 14 samples is listed in table 1. Samples 1 through 3 were Nafion NRE211, NRE212, and

N1135 PFSA membranes (Ion Power) with nominal thicknesses of 25, 50, and 89 um, respectively.
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Sample 4 was Electro Chem EC-NM-115 PFSA membrane, with nominal thickness of 127 um. Liner

materials were removed from membrane samples.

CCM samples were coated in-house. Samples 5-10 were fuel cell cathode single-sided CCMs with Pt
catalyst with carbon support, fabricated by ultrasonic spray coating of ink onto Chemours Nafion N211
PFSA membranes, using a Sonotec ExactaCoat spray coating system. The catalyst ink included TKK
TECI10ES0E 50 wt% Pt powder with high surface-area carbon (HSC), with Nafion D2020, 920 EW at 20
wt%, ionomer dispersion (Ion Power), and n-propanol (nPA) and water solvent. To achieve a range of
loading, the number of spray coating passes was increased over the set of samples, resulting in a range of
approximately 0.05 to 0.3 mg Pt/cm?. This range of loading is thought to be relevant to PEM fuel cell
cathode and anode target loadings across multiple applications, as well as PEMWE cathode target
loadings. The catalyst layer thickness increased correspondingly over the samples. The sprayed area was

square, with 50 cm? area.

Samples 11 and 12 were PEMWE cathode single-sided CCMs with Pt catalyst and carbon support,
fabricated by R2R gravure coating onto Aquivion E-98-09S PFSA membrane, with a Mini-Labo Deluxe
commercial coating system (Mirwec). The catalyst ink was TKK TEC10ESOE 50 wt% Pt powder with
HSC, Aquivion ionomer dispersion, and nPA and water solvent. Sample 11 had a significantly less

uniform coating than other samples.

Samples 13 and 14 were PEMWE anode single-sided CCMs with unsupported IrO; catalyst, fabricated by

R2R gravure coating onto Aquivion E-98-09S PFSA membrane, with the above coating system. The

catalyst ink was commercial IrO, powder, Aquivion ionomer dispersion, and nPA and water solvent.

Experimental methods
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PFSA membrane thicknesses were measured using a micrometer in an uncoated region of each sample,
except for samples 11-14, where no uncoated areas were present — nominal thickness is given in table 1.

Three locations were measured, and the mean taken as the sample value.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



CCM Pt loadings were measured using a Fischerscope XDV-SDD X-ray fluorescence (XRF)
spectrometer. The source was a tungsten anode, with 50 kV voltage and 410 pA current, and a Ni primary
filter. The detector was a Si drift detector with a Be window, 30 s exposure time, and the spot diameter
was 1.0 mm. Each CCM was measured at nine locations over the coated area, spaced to cover the
majority of the coating. The mean was taken as the sample value. See table 1 for PFSA thickness and Pt

catalyst loading results for each sample.

In this study, we analyzed MIR spectra of CCMs and membrane-only materials, taken using an FTIR
spectrometer in transmission mode, and show that spectral features, described in the Spectral analysis and

model section, correlated with PFSA thickness and catalyst loading parameters.

The spectrometer was a Thermo Nicolet 6700, with a silicon carbide (SiC) source, potassium bromide
(KBr) beamsplitter, and deuterated triglycine sulfate (DTGS) detector, with a KBr window, and automatic
gain. The optical velocity was 0.6329 cm/s, aperture 8 mm, spectral resolution 1.93 cm™!, and four
spectra were averaged together per measurement. The sample compartment was configured for
measurement of specular (unscattered) transmission spectra, with samples mounted normal to the incident
beam on a vertical support, and had a N> purge. Each sample was measured at three different locations
near its center, with a separation of several mm allowed between locations. A background normalization
spectrum was taken prior to each measurement. The measurement time, including background

measurement, was approximately one minute.

Results
Figures 1 and 2 show the MIR direct transmittance (T) spectra for PFSA and spray-coated CCM
materials, respectively, with varying thickness. Spectral signal quality provided by averaging 4

successive spectra during FTIR data collection was good over the thickness range of interest, until
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approaching transmittance values less than 0.1% for the thickest samples. The T signal fell below the
detection limit near the overlapping CF, symmetric and asymmetric absorption peaks at 8.3 and 9.1 pm
[39]. Narrow absorption peaks associated with PFSA carbon-oxygen-carbon (COC), CF, and sulfur-
oxygen (SO) bonds also appear in the range 9-11 pm [40]. At a wavelength value of 11.2 um selected for
later analysis (see next section), the coefficient of variance of three repeats for each sample ranged from
0.5% to 11%, with a mean over samples of 4.1%. The effect of increasing PFSA thickness or catalyst
loading was large relative to the observed random error. Decreasing T with increasing membrane
thickness and/or areal loading is due to the greater amount of material present in the optical path, with
absorption by means of the vibrational mode and free carrier mechanisms previously mentioned for

membranes and catalyst coatings, respectively.
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Away from the CF absorption peaks, T decreased from approximately 40% to 0.1%, depending on layer
thicknesses. Due to the strong absorption in membranes at the CF absorption peaks, the T signal fell
below the background noise level at these wavelengths, and the CF peaks themselves, i.e. T minima,
could not be resolved. As the peak wavelengths are approached from below and above, broadening with
increasing thickness of both PFSA and catalyst material was observed. Broadening was observed in

series of films with identical compositions and coating methods, where the only nominal change was
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coating thickness. The observed broadening could be homogeneous, due to shorter vibrational lifetimes

in thicker films, or inhomogeneous, due to greater variation of small-scale, local stoichiometry or stresses
[41] in thicker films, or a combination of homogeneous and inhomogeneous effects. In the homogeneous
case, typical causes of shorter lifetimes include increased availability of thermal phonon modes in thicker

films [42], and increased hydrogen bonding [43] among others.

In figure 2, we measured regular spacing in T on the logarithmic scale for CCMs with approximately
equal intervals of 0.05 mg/cm? between loadings (table 1). Samples 5-10 were fabricated with the same
PFSA material, with thicknesses varying less than 60%. This suggests an exponential dependence of T on

loading for these CCM samples.

Spectral analysis and model

Definition of metrics

In order to determine the thickness of both the PFSA layer and the catalyst layer, ideally with a single
measurement, a mathematical model of the two thicknesses was developed, with two independent inputs
determined from the MIR T spectrum of each sample, which correlated with the two desired, independent
outputs. The T value at 11.2 pm metric, referred to as “T112’°, and shown as marked points in figure 2,
was chosen as one such input, and depends strongly on the thickness of both the catalyst layer, and the

PFSA layer.

The second metric and model input is illustrated in figure 3: its value is the wavelength in microns at
which the value of T decreases to 25% of its reference value, defined as the value of T at 7 um, i.e.

decay?25 is defined by T(decay25) = 0.25-T(7 um). This metric was observed to depend significantly on
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PFSA thickness, but only weakly on catalyst thickness, and is thus almost independent of the other

metric.

Model calculation

A numerical model for PFSA thickness and catalyst loading was calculated by first fitting expressions for
decay25 and T112 to measured data, giving two equations, each depending on the two variables of PFSA
thickness in um (with symbol X) and catalyst loading in mg Pt/cm? (with symbol y). The expression for
decay25 was a quadratic polynomial, and for T112 was a decaying exponential, suggested by the results
described in figure 2. To use the model to predict PFSA thickness and catalyst loading, the MIR T
spectrum of a sample is measured, decay25 and T112 were determined from the spectrum, and those two
values were taken as inputs to the numerical model. The resulting two equations in two unknowns were

solved numerically to yield PFSA thickness and catalyst loading. For membrane-only materials (samples
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1-4), the model yielded a small negative result for loading for some samples; in these cases, the loading

result was set to zero. Functional forms and parameters are given in table 2.

The reciprocals of parameters T, and T; are the 1/e penetration depth of the PFSA layer and the 1/e decay

value of loading for the catalyst layer, respectively, with values 34.1 pm and 0.093 mg Pt/cm?.

Model results

Model results are compared to measured values in figures 4 and 5; vertical error bars indicate the

standard deviation of three repeated measurements and model calculations, and horizontal error bars are

the standard deviation of the PFSA thickness and catalyst loading measurements described in the
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Experimental methods section. In some cases, errors are less than the width of datapoint markers. As an
estimate of systematic error, for PFSA thickness, the error of the model result for individual
measurements, relative to measured values, was 22% or less, and was 11% or less for 9 of the 14 samples.

We note that these statements are for the sample set as a whole, including all of the PFSA membrane,

PEM CCM, and PEMWE CCM materials. For samples 11-14 (PEMWE materials), only nominal values

of PFSA thickness were known.

For catalyst loading, the error was 12% or less for spray-coated PEM fuel cell CCMs (samples 5-10), but
high for PEMWE materials (samples 11-14), varying between 25 to 83%. The anode samples 13 and 14
included no carbon support — a strong IR absorber — for the IrO; catalyst. Since the numerical model was

calculated with a majority of carbon-supported catalyst layers among the samples, it is reasonable that it
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would underestimate the loading for these anodes. We also expect that the discrepancies for loading for
samples 11 and 12, as well as 13 and 14, could be due to differences in coating methods and composition
between these and samples 1-10. In an implementation of this method in a manufacturing setting, the
method is best used for materials belonging to a single set of fabrication parameters, rather than across

varying parameters.

Percent differences for PFSA thickness and catalyst loading are listed by sample in table 3, calculated as
the difference between the mean result over three repeats, relative to the values given in table 1. We note
that several fabrication parameters were not controlled over samples, including PFSA type or brand,
coating methods, ionomer content, ink ionomer to carbon weight ratio, and catalyst type or brand. It is
expected that the accuracy and repeatability of this method would improve significantly with controlled
fabrication parameters. Also, non-uniformity of catalyst areal density is typically in the range of 5 to
10%. It is expected that non-uniformity of PFSA thickness and catalyst loading within samples have
therefore contributed significantly to discrepancies and variations. Especially for a measurement method

used in a manufacturing setting, a full assessment of error would be valuable, through a gauge
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repeatability and reproducibility (gauge R&R) evaluation including effects due to time, operator, and

other factors.
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Conclusions

In single-sided CCM and PFSA-only materials, PFSA thickness and the catalyst areal loading can be
determined by measurement of the MIR specular transmission spectrum of the material, with a single
measurement. Specific metrics in sample spectra were evaluated, and a numerical model was calculated
from samples of known thickness and loading, and applied to predicting PFSA thickness and catalyst
loading. This method was found to accurately predict PFSA thickness in the range 25 to 125 um, and
catalyst loading in the range 0.05 to 0.35 mg/cm?, for PFSA and PEM CCM materials, and likewise for
PFSA thickness of PEMWE materials. Systematic uncertainty was significantly higher for PEMWE

catalyst loading.
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Systematic error in the model results for PFSA thickness and catalyst loading has been assessed by
comparison to independent measurement by micrometer and XRF spectroscopy, and was found to lie
below 22% for PFSA thickness. Catalyst loading systematic error was estimated to be below 12% for
spray-coated PEM CCMs, but was as high as 83% for PEMWE materials. Clearly the results indicate that
catalyst type (Pt/HSC vs. IrO») is a parameter that significantly impacts the transmittance, and it should be
incorporated into the optical model once more IrO, specimens with various loadings are available.
Moreover, we expect that model accuracy and repeatability would improve when fabrication parameters

are controlled, and that a significant part of discrepancies and variation is due to material non-uniformity.

Future work

In addition to an assessment of accuracy using controlled material fabrication parameters, expected
follow-on work would include extending this technique to measurement on a R2R conveyance platform.
The observed accuracy of prediction, and the underlying optical properties of these hydrogen technology
materials, comprise an encouraging initial step to precede any future R2R study, which would require
significantly greater resources than the work presented here. An ideal, but complex, approach to R2R
implementation would be developing a real-time, area-scanning FTIR transmission spectroscopy
instrument for a R2R system. A more achievable approach, and likely more suited to a manufacturing
setting, could rely on T measurement at specific, material-dependent wavelengths, in place of full
wavelength resolution. An important consideration, from an optical perspective, for this approach would
require selecting a combination of IR source, optics, and detector which would ensure sufficient

throughput for a strong detected signal.
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