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Pt and Nafion are materials widely used in electrochemical devices including PEM fuel cells, flow batteries, electrolyzers, and
electrochemical sensors. In PEM fuel cells, the catalyst layer consists of multiple materials including catalyst Platinum (Pt) or
Pt-based alloys, carbon, and ionomer (usually Nafion). Laser induced breakdown spectroscopy (LIBS) is a promising analytical
tool for probing the elemental composition in a sample, offering advantages of fast, in-situ, and online analysis, minimal sample
preparation requirement, and the capability of spontaneous multi-element analysis. In this paper, we present a study of probing the
Pt and Nafion loadings in their mixtures with graphite carbon, respectively, using LIBS technology. Pt-carbon and Nafion-carbon
samples of various material loading are prepared for the LIBS testing. Plasma plume and shadowgraphic images are presented to
show plasma and associated shockwave evolution. It takes a few milliseconds for spectrum collection per laser shot. Each sample
analysis contains 49 shots in the present study and takes less than 1 minute. The results show LIBS is capable of probing the Pt and
Nafion loadings in the mixtures. The method is useful in rapid analysis of catalyst layer composition and examination of material

loss due to degradation.

© 2017 The Electrochemical Society. [DOI: 10.1149/2.0241713jes] All rights reserved.
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Due to the growing concerns on the depletion of petroleum-based
energy resources and climate change, PEM fuel cells have received
much attention in recent years owing to their high efficiencies and
low emissions.'™ PEM fuel cells are electrochemical devices that
directly convert chemical energy stored in fuels such as hydrogen to
electrical energy with an efficiency as high as 60% in electrical energy
conversion and overall 80% in co-generation of electrical and thermal
energies.” Among various components, the catalyst layer (CL), where
the hydrogen oxidation reaction (HOR) or oxygen reduction reaction
(ORR) takes place, is one of the most important and complex parts in
PEM fuel cells.®

Several phases contained in a CL are key to the electrochemical
reaction: 1) carbon support with Pt particles dispersed on the car-
bon surface, 2) ionomer, and 3) void space, see Fig. 1. The catalyst
plays the critical role of reducing the reaction activation barrier for
the electrochemical reactions and its loading determines electrode
electrochemical performance. Platinum or platinum alloy is popular
catalyst for both the ORR and HOR, therefore the CL contributes a
significant portion of cost for a PEM fuel cell. The DOE target is
0.125 mg PGM/cm? by 2020, and the 3M Company achieves 0.13 mg
PGM/cm? in 2015.7% Tonomer is the transport network for protons. Its
content, tortuosity, and water content in a CL determine the proton (or
ionic) resistance, which can be significant under dry operation. Wang
and Feng® showed that the ionic resistance in a CL could be a limiting
factor, leading to local reaction variation. They defined a dimension-
less parameter (i = 2%5, where AU = ﬁf = I R;) based on the

acF

ionic resistance to quantify the spatial variation of local reaction rate.

LIBS, a type of atomic emission spectroscopy, has been consid-
ered as a “future superstar” in analytical chemistry field, with the
advantages of fast, in-situ, and online analysis, minimal sample prepa-
ration requirement and the capability of spontaneous multi-element
analysis.'®!® It employs a highly energetic laser pulse as the excita-
tion source to atomize and excite samples with plasma formation. The
characteristic radiation is collected when the species in the plasma
decayed from a higher energy level to lower energy level, and sent
to the spectrometer and detected by a CCD or ICCD camera. The
spectra contain information of the chemical composition in the sam-
ple, which can be used for both qualitative and quantitative purposes.
LIBS has been applied to many areas such as metallurgy, environmen-
tal monitoring, space exploration and geology. Specially, some studies
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explored quantification of Pt group elements'#'¢ using LIBS. Multi-
layered materials were also investigated using LIBS.'”-!° In addition,
several other types of spectral analysis techniques are available for
chemical composition detection, including Raman spectroscopy, in-
ductively coupled plasma atomic emission spectroscopy (ICP-AES),
and X-ray fluorescence (XRF). Raman spectroscopy is a method that
observes vibrational, rotational, and other low-frequency modes in a
system to identify molecules and study chemical bonding. ICP-AES
uses the inductively coupled plasma to produce excited atoms and ions
that emit electromagnetic radiation at characteristic wavelengths and
detects elements in the sample. XRF is the emission of characteristic
fluorescence from a material that is excited by high-energy X-ray and
is widely used for elemental and chemical analysis.

To date, few studies were proposed to analyze the CL composition
information, providing that the CL composition is a preset param-
eter in CL fabrication. It is however possible that the CL physical
properties change due to phase change or aggregation during fabrica-
tion or due to degradation including loss of ionomer/carbon support
and Pt migration.’ In addition, Wang and coworkers>*?> proposed
multi-layer configuration of CLs, in which the CL contains a few sub-
layers of specified material composition. It will be valuable to know
the material composition in each sublayer of a fabricated multi-layer
CL. In this study, we applied the LIBS method to probe the Pt and
Nafion loadings in their mixtures with carbon. We used graphite pow-
ders as the carbon source to mix with Platinum and Nafion in the
sample preparation. Samples of various Pt-carbon and Nafion-carbon
ratio were fabricated for testing. Plasma plume, shadowgraphic, and
crater images were presented to show physical phenomena occurring
during LIBS testing. Linear relationships were shown for both cases,
indicative of potential applicability of LIBS to analyze the loadings
of important materials in fuel cell electrodes.

Catalyst Layer in PEM Fuel Cell

Fig. 1 schematically shows a fuel cell structure and electrode cat-
alyst layers (CLs). The CLs are the thin layers (~10 pwm) coated on
the membrane surface, containing catalyst (typically Platinum), car-
bon, ionomer electrolyte, and void space. Nano particles of catalyst
platinum attach on the surface of supporting carbon powders with
electrolyte ionomer covering on the surfaces, forming the triple-phase
boundaries (TPBs). In the anode/cathode, the HRR/ORR takes place
at the TPBs:

Anode: H, — 2e~ +2H* [1]
Cathode: O, + 4e~ +4H" — 2H,0

Downloaded on 2020-01-30 to IP 169.234.54.79 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://dx.doi.org/10.1149/2.0241713jes
mailto:yunw@uci.edu
mailto:zhewang@tsinghua.edu.cn
http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 164 (13) F1294-F1300 (2017)

Hydrogen

Bipolar plate

F1295

Figure 1. Schematic of a PEM fuel cell and structures of the catalyst layer and electrolyte ionomer Nafion.

The constituent materials in CLs provide transport paths for reactants.
For example, carbon powders are the media for electron transport
while protons travel through the ionomer electrolyte phase. Water and
heat are produced as the only byproducts. Water is transported in both
electrolyte and void phases. The Pt and ionomer loadings are important
for the catalyst layer function. The catalyst loading determines the
active surface area and contributes a major portion of a fuel cell
cost.>® In CLs, the catalyst nanoparticles reside on the carbon support
in order to be electrochemically active. The common Pt loading in
commercial CLs ranges from 0.1-0.4 mg/cm?. The ionomer network
in CLs conducts protons for the electrochemical reactions and is a
key parameter limiting the local reaction rate.” Fig. 2 presents three
fabricated catalyst layers under various configuration, showing that
the CLs are usually thin, around 10 pm. The CL composition, both
Pt loading and ionomer (/) content, significantly influences fuel cell
performance, as shown in Fig. 3. The current ionomers are mostly
based on the perfluorosulfonic acid, the most prominent of which,
Nafion, was first developed by the DuPont Company in 1960 s. Nafion
has a backbone structure of polytetrafluoroethylene (PTFE, known by
the trade name Teflon), see Fig. 1. The sulfonic acid functional groups
in Nafion provide charge sites for proton transport. Additionally, other
perfluorinated polymer materials such as Neosepta-F (Tokuyama),

20%Pt/C, IC=0.5

40%Pt/C,1C=0.5

Gore-Select (W.L. Gore and Associates, Inc.), Flemion (Asahi Glass
Compnay), Asiplex (Asahi Chemical Industry) are also adopted for
PEM fuel cell.’ For Nafion, the backbone consists of long chains of
-(CF2)- and short chains of the function group (-HSO;), see Fig. 1.
Given the fixed ratio of F to C in the chain -(CF2)-, the Florine (F)
content can be used to evaluate the Nafion loading in the CL. It is
difficult to use the carbon (C) element to quantify the Nafion loading
because the catalyst carbon support provides another carbon source
in CLs.

Experimental

Sample preparation.—In the LIBS testing, Pt-carbon and Nafion-
carbon samples of various loading were prepared. The graphite powers
were chosen as the carbon source to mix with Platimun and Nafion
solutions, respectively.

In the preparation of Nafion-carbon samples, the original Nafion
solution of a 10% mass concentration was used and further diluted
with deionized water to a concentration of 5% and 2.5%, respectively.
A 0.5 ml volume of the new Nafion solution and a certain amount
of graphite powers were mixed and then thoroughly stirred in a sam-
ple Aluminum box. The mixture was dried for 24 hours before the

40%Pt/C, 1C=0.33

Figure 2. SEM of the catalyst layer under various Pt, carbon (C) and ionomer (I) loadings.?

Downloaded on 2020-01-30 to IP 169.234.54.79 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

F1296

1.0
0.9
0.8
0.7
= 0.6
Q
®0.5
£ 04
0.3 9 —+—NR-211, 20%Pt/C, IC=0.5 (C&ll 1)
0.2 - —=—NR-212,20%Pt/C, IC=0.5 (Cell 2)
NR-212, 40%Pt/C, IC=0.5 (Cell 3)
0.1 4 ——NR-212,40%Pt/C, IC=0.33 (Cell 4)
—+—MNR-212, 40%Pt/C, IC=0.66 (Cell 5)
0.0 : " . . ; : ;

o]

0.5 y i 1.5 2
Current Density [A/cm?]

Figure 3. PEM fuel cell performance under various Pt, carbon, and ionomer
loadings for operation of 80°C and 100 %RH.%

Nafion-carbon samples were used for LIBS. Figure 4 presents the
fabricated Nafion-carbon and pure Nafion samples for testing. The
graphite powers in the sample are bonded by the Nafion ionomer.
Totally seven Nafion-carbon samples were prepared for LIBS testing
with their configuration given in Table 1.

For the Pt-carbon samples, a commercial Pt solution of 1 mg
Pt/mL in the hydrochloric solvent was used. A certain volume of the
Pt solution was taken and mixed with 0.1 g graphite powers, followed
by 24 hours drying. Figure 4 presents the image of a Pt-carbon mixture
sample. Each testing sample is 4 cm? in size, thus the lowest Pt loading
(the P1 case in Table II) is corresponding to 0.05 mg Pt/cm?. Totally,
six samples of various Pt loading were prepared for LIBS testing with
their configuration listed in Table II.

LIBS measurement.—The samples were tested using a LIBS ex-
perimental system, an integrated LIBS device (ChemReveal) manu-
factured by TSI (Minnesota, USA), see Fig. 5. A pulsed laser at 1,064
nm was emitted and focused on the sample surface by a convex lens.

Nafion-C Sample

Pt Sample

P1-C Sample

Figure 4. Nafion and Nafion-carbon samples (above) and Pt and Pt-carbon
samples (below).

Journal of The Electrochemical Society, 164 (13) F1294-F1300 (2017)

Table 1. Nafion-carbon samples and their specifics.

Nafion Mass of Mass of graphite Nafion Mass Fraction
solution Nafion/g powers/g (IC Ratio)/%

N1 0.5ml, 10% 0.05 0 100.0

N2 0.5ml, 10% 0.05 0.03 62.5

N3  0.5ml, 10% 0.05 0.05 50.0

N4  0.5ml, 10% 0.05 0.1 333

N5 0.5ml, 10% 0.05 0.2 20.0

N6 0.5ml, 5% 0.025 0.2 11.0

N7 0.5ml,25% 0.0125 0.2 5.9

The duration of laser was 5 ns and the pulse energy was adjusted to
105 m]J for an appropriate signal intensity. The optical emission of
induced plasma was collected by a fiber system and delivered to a
spectrometer that ranges approximately from 180-1000 nm. A CCD
camera was placed to record the optical signal. The delay time be-
tween the laser occurrence and the CCD detection was set 1 us and
the gate width was 1 ms. Totally 49 (7 x 7) shots were taken for each
sample to get the average emission intensity to decrease the influence
of random fluctuation in experiment.

The laser-induced plasma images were captured by an integrated
LIBS system (Applied Spectra, USA). We employed a Q-switched
Nd:YAG laser (Quantel, France) with a wavelength of 1,064 nm, a
pulse width of 8 ns, and a spot size of around 60 pm in diameter.
The plasma plume images were captured by an ICCD camera (Andor,
UK) under different ICCD settings, including the gate widths, gains,
pre-amplifier gains and optical filter types, to obtain the images with
optimal image quality at different delay times. The shockwave images
were captured separately using another integrated LIBS system (Ap-
plied Spectra, USA) with the plasma produced using a Q-switched
Nd:YAG laser (Beamtech, China) with a wavelength of 1,064 nm and
pulse width of 8 ns. Another Q-switched Nd:YAG laser (Quantel,
France) with a 532 nm wavelength and 500 ps pulse width serves
as the probe laser providing the light source to the shadowgraph
formation.

Results and Discussion

Fig. 6 (above) shows plasma formation and expansion, along with
shockwave propagation, during the LIBS testing. In the testing, the
high-power laser added a large amount of heat to a small spot area in
a very short time, leading to evaporation of local sample material and
further formation of plasma. Typical plasma temperatures of 10,000
K or higher were observed in the early plasma lifetime.?>** The high-
temperature plasma consists of elements in the sample and environ-
mental gas species, thus its emitted light spectrum carries information
of the sample material. The plasma plume last a few milliseconds, in
which the LIBS recorded the intensity of emitted light for element
analysis. Thus the spectrum collection took a duration of a few mil-
liseconds for each shot. In each sample analysis, total 49 shots were

Table II. Pt-carbon samples and their specifics.

Mass of
Pt Mass graphite Pt content/ Pt loading™/
solution of Pt/mg powers/g mg/g mg/cm?
Pl  0.2ml, I mg/ml 0.2 0.1049 1.9 0.05
P2 0.3 ml, | mg/ml 0.3 0.1048 2.9 0.075
P3 0.4 ml, 1 mg/ml 0.4 0.1046 3.8 0.1
P4 0.5ml, 1 mg/ml 0.5 0.1045 4.8 0.125
PS5 0.7 ml, 1 mg/ml 0.7 0.1051 6.7 0.175
P6 0.8 ml, 1 mg/ml 0.8 0.1052 7.6 0.2

*per sample area.
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Figure 5. Schematic of LIBS (a), photo of experimental devices (b), and schematic of the testing device (c).

taken at various sample location with each location movement at a
speed of 1 Hz, thus analysis for one sample took less than 1 minute
in this study. Note that the speed of LIBS analysis can be further
improved. Bette and Noll*® proposed a high-speed LIBS with laser
pulse repetition frequencies of up to 1 kHz for scanning microanaly-
sis of macroscopic samples. In addition, the high energy addition and
rapid expansion of the high-temperature plasma also lead to forma-
tion of shockwaves, as shown in Fig. 6 (below). In the early stage, the
shockwave (e.g. 100 ns) exhibit a shape stretched in the laser inci-
dence direction, primarily caused by plasma eruption. In addition, the
theory of laser supported detonation wave (LSD wave)®® indicates
that the energy from the trailing laser pulse increases the temperature
and electron density at the shockwave tip, contributing to the non-
uniform heating of the shockwave and the observed stretched shape.?’
After the laser energy vanished, the shockwave exhibit a more hemi-
spherical shape with a radius R that can be estimated by the classic
Taylor-Sedov theory:?® R = E(%)‘/ n+242/1+2 \where ¢ is the delay time
from the initiation of laser illumination, p the surrounding gas density,

10 ns 100 ns

Figure 6. Plasma plume (above) and shadowgraphic (below) images at various time instant.

E the energy released during the explosion process, and £ a constant
determined by the specific heat capacity ratio. For spherical shock-
waves, n is equal to 3, yielding R ~ 4. Several computer models
have been developed to numerically capture the shockwave propaga-
tion. A cavity method was also proposed to constrain the shockwave
to increase the plasma emission intensity.?*~*

The laser that is shot on the sample usually has a dimension ranging
from 10 to 100 pum in diameter.*? The large amount of heat added to the
sample vaporizes a small portion of the sample material in a very short
time, leading to plasma eruption and shockwave formation. Craters
may form as a result of the material loss and shockwave propagation.
Fig. 7 shows the crater formation and dimension in the Nafion-C
sample after LIBS. It is seen that the craters have a dimension of about
600 pm in diameter with a maximum depth of about 60 pwm. Thus,
for PEM fuel cell applications the present LIBS method may damage
local catalyst layer, which is usually about 10 wm thick (see Fig. 2). As
quick estimate, the laser energy of 100 mJ is able to vaporize about
2 microgram of graphite at its evaporation temperature (assuming

1000 ns

200 ns
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Figure 7. Formation/dimension of craters on the Nafion-carbon sample after LIBS.

the latent heat of evaporation is about 600 kJ/mol under the boiling
point of 4,000 K at 1 atm). Note that the above estimate excludes
the ionization energy, sensible heat (the plasma temperature reaches
~10,000 K) and latent heat of melting. In addition, the shockwave
formation during the LIBS testing causes local high pressure and its
fluctuation,?”*> which may push the surrounding material and enlarge
the crater.

Fig. 8 presents the average emission intensity spectrums for the
Nafion-carbon (left) and Pt-carbon (right) samples. The spectrums
are enlarged near the F line (685.603 nm) and Pt line (306.471 nm),
respectively. It shows that different Nafion and Pt loadings yield dif-

600

Nafion-C sample

550

500 ~_ ——

Intensity

703.2 703.4 703.6 703.8 J04 704.2 704.4

wavelength (nm)

ferent emission intensities with a larger loading corresponding to a
higher intensity relative to the background one. For N1 (or the pure
Nafion case), the spectrum is different with a much lower background
intensity due to no carbon presented in the sample.

Fig. 9 presents the emission intensity of the Pt line at 306.471
nm under various Platinum loading. A clear linear relationship was
shown for the experimental data, indicative of successful applicability
of LIBS in probing Pt loading. Extrapolation of the experimental data
falls off the origin point due to the background emission. In addition, a
couple of points deviate from the linear line. The observed uncertainty
may result from the non-uniform mixing, detector sensitivity, and

Pt-C sample

306.3 306.35 306.4 306.45 306.5 306.55 306.6

wavelength (nm)

Figure 8. Emission intensity spectrums of the Nafion-carbon and Pt-carbon samples.
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Figure 9. Relationship of Pt emission intensity and Pt loading in Pt-carbon.

plasma morphology fluctuation. Overall, the data points follow the
main trend of the linear relationship.

Fig. 10 shows the emission intensity of the F line at 685.603
nm under various Nafion loading, indicating a linear relationship.
F is a major constituent in Nafion beside carbon and sulfur. It is
difficult to use the element carbon as the working material for spectrum
detection because the graphite or carbon support provides another
carbon source. In addition, the sulfur (S) emission line in the ultra-
violet range will be absorbed by air. Thus, it is difficult to probe the
sulfur content in the ambient condition without special treatment. As
shown in the figure, selection of the F element in the LIBS testing
is successful for probing the Nafion loading. In order to probe the
function group [-HSOs;] information, it is necessary to explore the
sulfur’s intensity in the emission spectrum, which is currently under
investigation in the labs.

Conclusions

In this paper, we presented a LIBS method to analyze material
composition and loading in the Pt-carbon and Nafion-carbon mixtures.
Samples of various material loading were prepared for the LIBS test-
ing. Plasma plume, shadowgraphic, and crater images were presented
to show the plasma/shockwave formation/propagation and crater di-
mension in the present LIBS. Major findings are listed as below:

® [tis shown in the crater images that the laser shot left a crater of
about 600 pm in diameter and about 60 pm in the maximum depth on
the sample. Analysis indicated that the laser energy addition is able to
vaporize about 2 mg graphite carbon.

180
°
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—~ 120
=
<
il ¥ =126.29x +26.662
= R? = 0.9687
Z 80
D
2
=
= 60
40
20
0
0 02 0.4 0.6 08 1 12

Nafion Mass Fraction

Figure 10. Relationship of F emission intensity and Nafion loading in Nafion-
carbon samples.
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® Plasma plume and shadowgraphic images showed the laser en-
ergy induced formation of high-temperature plasma (for spectrum
collection) and shockwave at a time scale of millisecond. The LIBS
analysis of one sample required 49 shots/spectrum collections and
took less than 1 minute in the present study.

® A linear relationship was indicated between the intensity of
Pt spectrum and loading. The LIBS method successfully detected Pt
loading at the level of 0.05-0.2 mg/cm?.

® A linear relationship was indicated between the intensity of F
spectrum and Nafion loading. Using the element F, LIBS is capable of
probing the Nafion loading in the samples and successfully detected
Nafion-carbon ratio ranging from 5.9%-100%.

The LIBS method showed promise in studying material composi-
tion in PEM fuel cells and material aging phenomena. Future work
includes testing of commercial CL samples, probing other elements
in fuel cells, and CL material degradation using LIBS methods.
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