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Abstract

In this study, the role of Pt concentration and distribution in the
membrane on ionomer degradation was investigated. Nafion
membranes were impregnated with different mass fraction of Pt via
ion-exchange and operated as membrane electrode assemblies
(MEAS) at open circuit voltage (OCV). Various MEAs with known

Pt concentration were characterized by electrochemical in-situ
measurements regarding both, membrane properties and ionomer
degradation. Additionally, Pt particle distribution in the membrane
cross sections was analyzed. The presence of Pt precipitations was
found to influence ionic conductivity and the sensitivity of cell
performance for humidification. lonomer decomposition increased
with concentration and surface area of Pt deposits as well as
distance between particles. The comparison between Pt
precipitated artificially and during operation showed a considerable
difference in particle distribution and extent of internal membrane
humidification due to water formation at Pt sites.

Introduction

A limiting factor for the lifetime of proton exchange membrane fuel cells (PEMFCS) is
the degradation of the electrolyte membrane. One of the major causes of degradation is
the chemical decomposition of the ionomer due to radicals which are formed at Pt
precipitation in the membrane (1). Pt precipitates in the membrane as follows: Metallic Pt
dissolves to Pt ions at the cathode due to the high electrode potential. Consequently, Pt
ions are transported into the membrane where they are reduced again to metallic Pt by the
permeating hydrogen (2, 3). These Pt precipitations now serve as catalytic sites where
hydrogen peroxide, formed at the electrodes, decompose to hydroxyl radicals, which can
attack the ionomer (1).

lonomer degradation in the presence of Pt deposit was verified based on membrane

thinning and traces of polymer in the condensate water (4-6). The examination of the
membrane with further analysis methods such as micro Raman spectroscopy and Fourier
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transform IR spectroscopy gave further evidence).7/Moreover, fluoride emission was
found to correlate with the amount of Pt depositsite the membrane (4, 9).

The influence was also studied with artificially iftpregnated membranes. Those
experiments showed contradictory results. On the tre hand side, large ionomer
defects, weight loss and high fluoride emissioe (&ER), as well as an increased radical
formation, for aged Pt-impregnated membranes wasrted (10, 11). On the other hand,
less FER was observed for Pt-impregnated membthaesfor conventional membranes
(12, 13). The authors assumed that hydrogen pezatidadicals were easily scavenged
by Pt precipitations. Gummalla et al. explainedséhdifferent results by the Pt loading
(14). They noted that, depending on particle sizd eoncentration, OH radicals are
either directly scavenged by Pt or are able toclktthe polymer. In a recent study this
theory is addressed. In a degradation test, Rodgeat. studied the degradation of Pt
impregnated membranes with varying Pt concentratiof0, 30 and 50 mol-% Pt (15).
Since no electrodes were applied to the membraddijti@nal Pt precipitations
originating from the electrode were prevented. Thesults showed a strong effect of Pt
concentration on membrane degradation. Fluoridesgom was significantly enhanced
with 10 mol-% Pt compared to a non impregnated miangy whereas 30 and 50 mol-%
resulted in a reduced degradation. They concludatthe increased degradation in case
of the 10 mol-% Pt is caused by the higher coneéintr of smaller Pt particles, as TEM
analysis showed.

The aim of this paper is to further investigate tloée of concentration and
distribution of Pt precipitation in the membrane fonomer degradation. For the first
time, our study adds electrochemical characteonatid the examination of degradation
and particle distribution of artificially Pt impregted membranes with different Pt
fraction. For this purpose, NafiBnmembranes were impregnated with Pt via ion-
exchange. To prevent additional deposition of Pthimionomer during the subsequent
degradation test of ~140 h at OCV, Pt-impregnatednbmanes were coated with
electrodes, which exhibited high Pt stability. TIMEAs were characterized by
electrochemical in-situ measurements such as patash curve, impedance
spectroscopy and cyclic voltammetry. lonomer degpiad was further measured by
means of FER. Additionally, scanning electron mscapy (SEM) and energy-dispersive
X-ray (EDX) spectroscopy were used to analyze Rigba distribution in the membrane
cross sections. For comparison of Pt precipitatéficaally and during operation, a MEA
with electrodes exhibiting a higher Pt solubilitpsvalso tested.

Experimental

Preparation and Operation of MEAS

MEAs with Nafio® N212 membranes were used in all experiments. Rer t
fabrication of Pt-MEAs, Nafioh NRE-212CS membranes (DuPont) were impregnated.
The commercially available catalyst coated NR-2¥hbrane (lon Power) was used for
comparison. It has to be noted that according @ontlanufacturer, both membrane types
are chemically stabilized.
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Impregnation of Membranes with Pt. Platinum waspelised in the NRE-212CS
membranes based on the impregnation-reduction metbscribed by Fedkiw (16). First,
a membrane sheet of around 7 cm x 7 cm'ifidrm was treated for 24 h in 500 ml 1.0 M
NaCl solution at room temperature to exchange itN& form. This enhances the
subsequent Pt ion-exchange and prevents estadficaf pentanol (17, 18). Then, the
membrane was rinsed for 1 h in 200 ml de-ionizetewat room temperature and dried
with filter paper. To transfer it into Btform, the membrane was equilibrated for 24 h in
200 ml [Pt(NH)4]Cl, (Sigma Aldrich) aqueous solution ap;Tex= 60 - 80 °C. The Pt
concentration of the solution was varied from 028} mg I"* to obtain different Pt
content in the membranes. After this, the membraag again rinsed for 1 h in 200 ml
de-ionized water at room temperature and dried Viliter paper. In the reduction step,
P£* ions were reduced to metallic Pt by stirring foh &t Tp; eg= 125 °C in 100 ml 1-
pentanol (Merck) and with one exception at 60 °Geihanol. After impregnation, the
membrane was exposed for 2 h to a 200 ml 0.5 /84 solution (Merck) at room
temperature to exchange it again intofekm. Finally, the membrane was rinsed for 2 h
in 200 ml de-ionized water at room temperature.

For determination of the Pt content, membranes wleied for 24 h at 80 °C and
weighed, before and after the impregnation treatmeecording to this, membranes had
a Pt content from 0 to 46 mg-Pt-Jafion® in their BOT state.

MEA Fabrication. After impregnation, membranes weoated with electrodes at an
area of 23 cm? using the DLR dry-spraying methd).(The catalytic layer consisted of
Pt black and 30 wt-% NafiGhionomer powder. The ionomer powder used in the dry
spraying technique is produced by freeze millingioé& resin NR-50 (DuPont). The Pt
loading was 0.2 mgcm? at the anode, respectively 0.4 gngni” at the cathode. Finally,
the catalyst coated membranes were placed betwaedifjusion layers (Sigracet SGL-
BC25) and hot-pressed for 3 min at 160 °C undeeasure of 690 N cth The reference
membrane (NR-212) was obtained with a Pt/C coaith§ mg: cm?) at an area of 25
cmz2 on both sides. It was also sandwiched betwasrdifusion layers and hot pressed as
described above. Table I lists all MEAs examinethis work. Due to MEA failure, not
all of them could be tested in the degradation erpgnt and analyzed at the end of the
test (EOT). Still, they were all examined by meahSEM/EDX at the beginning of the
test (BOT).
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Table|. List of examined MEASs.

Pt Remark MEA T pt, red Tpt, ex
concentration /°C /°C
/ mg-Pt
g*-Nafion
0 lon Power NR-212 - -
0 NRE-212CS - -
0 Not tested NRE-212CS - -
0 Not tested NRE-212CS 125 80
60
6.4 NRE-212CS (ethanol) 80
12.3 NRE-212CS 125 60
18.4 NRE-212CS 125 80
27.3 Not tested NRE-212CS 125 70
32.6 NRE-212CS 125 70
345 NRE-212CS 125 80
36.3 Tested 575 h NRE-212CS 125 60
46.5 150 % r.H. NRE-212CS 125 80

Test Procedure. The prepared MEAs were testednaggescells using plates with
single serpentine flow fields. The cell plates wbodted together applying a tightening
torque of 6 Nm. Humidifiers with control of humidi&tion level through adjustment of
dew point temperature were used for gas humidiGoatn all experiments, the cell was
fed with gases under atmospheric pressure. Befweattual degradation experiment,
each cell was conditioned as follows: the cell e with saturated hydrogen on the
anode side and saturated air on the cathode woith rthtes of 120 respectively 400 sccm
at a cell temperature of 80 °C and at a constdhtvollage of 500 mV. When the cell
current exceeded 0.5 A énthe electronic load was switched to galvanostaiicle at a
current density of 0.5 A cfhfor ca. 24 h to reach steady state. After theiahit
conditioning, the MEAs were characterized by meahspolarization curve, cyclic
voltammetry (CV) and electrochemical impedance spscopy (EIS). In the degradation
test, the MEAs were operated for ca. 140 h undey ©@nhditions. The cell temperature
was set to 80 °C. Air and hydrogen were fed to t¢ke#s with flow rates of 60,
respectively 15 sccm, at 80 °C under ambient presdduring the degradation test,
condensate water from anode and cathode side Wlasted in polyethylene bottles for
analysis of fluoride emission. Subsequent to thgratfation test, MEAs were again
electrochemically characterized.

MEA Characterization

Cell Performance. Polarization curves were perfaringpotentiostatic mode with the
cell temperature set to 80 °C. To control the hufcation level, humidifiers with
adjustment of dew point temperature were used.eSiest benches allowed no lambda
control, flow rates were set to 360, respective@0A sccm, during the entire
measurement corresponding to the current densiti.5fA cm® at a hydrogen/air
stoichiometry of 1.5/2.0. Gas pressures could netdirectly controlled but were
regulated by the atmospheric pressure at the céléto which resulted in an absolute
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pressure at the cell inlet of around 1200 mbahatanode, respectively 1700 mbar at the
cathode. Each operation point was held for at [Rasinutes.

Electrical Conductivity of the Cell. For calculaginhe electrical conductivity of the
cellec =d/ (A - R), electrical resistancesRand membrane thickness d have to be
measured in addition to the known geometric are¢thefelectrode A. The membrane
thickness was determined based on micrographgsasilded in a later section.

Rer was measured using EIS. The measurements weréedcaout with the
electrochemical workstation IM6 in combination withe potentiostat PP241 (Zahner
Elektrik). They were recorded in galvanostatic modthe frequency range from 50 mHz
to 100 kHz at a current density of 0.5 A€mith an amplitude of 10 mV. Gas flow rates
were 120 sccm on the anode and 400 sccm on thedeagtide. In order to achieve steady
state, the cell was pre-polarized at least 15 mor po the start of the EIS measurement
at the same current density set during EIS.

Cell resistances were determined fitting the expental data to an equivalent circuit
using the software Thales Z2.15. The equivalenttetal circuit used within the
simulation is shown in Figurel. In this modely B represented by an ohmic resistance.
It contains the electrical contact resistance efaéll, as well as the ionic and electronic
resistance of the membrane (20). In fuel cell memés, the electronic resistance is
normally negligible compared to its ionic resistan€he kinetic of anode and cathode as
well as the mass transfer (combined for both ebelets) are each represented by an
ohmic resistance connected parallel to a capa@tarite latter is described by a constant
phase element. Furthermore, the wiring of the nreasent equipment is considered by
the inductive resistance L.

R R R
~|,' Rel L
| | | |
|1 |1
C C C

Membrane
+ contacts
Diffusion  Cathode Anode  Wiring

Figurel. Equivalent circuit for analysis of EIS @lat

Hydrogen Permeation. The permeation of hydrogeoutyin the membrane was
measured by means of cyclic voltammetry. The measents were carried out with the
electrochemical workstation IM6 in combination withe potentiostat PP241 (Zahner
Elektrik). CV was performed with hydrogen on theode side and nitrogen on the
cathode side. The humidified gases were fed at@@vith Hy/N, flow rates of 50/20
sccm at a cell temperature of 80 °C. Prior to tleasnrement, the cell was conditioned
for 30 min. Then, the cathode was cycled five tirnetveen 60 and 550 mV at a scan
rate of 40 mV <. Hydrogen crossover was calculated based on tzeafdhe last cycle
after subtracting the double layer charge in tHeamamogram.

Fluoride Emission. Fluoride ion concentration ire tbollected anode and cathode
condensate was measured using an ion selectivieaelelaboratory meter ProLab 4000
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and fluoride electrode F 60, SCHOTT Instrumentd)icv was calibrated over the range
of 10-10000 umelI™* using KF aqueous standard solutions. Standardlsarapd 15 ml
of condensate samples were diluted with buffertsmu(TISAB II, Bernd Kraft GmbH)
1.1. The reading of the meter was recorded aftailibqum was reached; typically 5-10
min after the electrode was immersed into the smiut

Examination of Membrane Cross Sections. Membraasscsections were examined
by means of SEM and EDX regarding membrane thickreasd distribution of Pt
particles. Samples with a width, i.e. length ofssgection, of around 3 mm were cut
from the MEAs before and after the operation in test station. The samples taken
before the test were cut from the uncoated membiramge, the samples after the test
from the active area of the cell. Particle disttibn was analyzed on a sample of the
center of the cell. Membrane thickness was additlpmmeasured on samples of the gas
inlet and outlet area. For preparation of crossises via freeze-fractioning, GDLs were
removed from the samples which were then immensdiduid nitrogen and broken.

SEM and EDX measurements were conducted on an ULPRA (Zeiss Corp.)
scanning electron microscope. The images were dedobased on secondary electrons
(SE) and backscattered electrons (BE). The resoluif the microscope was 1.0 nm at
15kV and 1.7 nm at 1 kV. For SE images, the veltags set to 5 kV; for BE images, it
was set to 5 kV or 10 kV. The SEM was equipped \aithXFlasfi 5010 EDX detector
(Bruker Corp.) that has an energy resolution of @¥3at Mn Ka. EDX measurements
were performed for 180 s at 10 kV. The sensitiViityit of the elemental detection was
approximately 0.1 %. Each cross section was inyat&d at three different positions. At
each position, EDX line scans with a spacing off0riwere recorded to determine the Pt
distribution along the membrane thickness. For tilgel investigation of Pt particle
distribution, micrographs (ca. 0.8 pum x 0.6 pm)tleé membrane section near anode,
cathode and membrane center were recorded. Fudhern8EM images were used to
determine the thicknesses of the membranes. Eastemied thickness value is the
average value of at least nine measurements cadloct random spots on the sample.
SEM micrographs were analyzed with the softwaregiedal.46r (National Institute of
Health) to determine position and size of singletipas. Based on this data, particle
density, particle intensity, nearest neighbor distaand normal distribution of particle
size was calculated to describe the particle patter

To verify SEM/EDX data, the MEA with 6.4 mg-Pt-gNafion® was also measured
regarding the presence of Pt in the membrane bysnebX-ray diffraction (XRD). X-
ray diffractograms were recorded with a D8 Disco¥eray diffractometer (Bruker
Corp.) equipped with a VANTEC-2000 area detectompdsSures were made in reflection
mode with a tuned monochromatic and parallel X{oagm (Cu-K). The accelerating
voltage was 45 kV and the tube current was 0.65Q &#ch diffraction pattern was
measured in four frames with a step size of 23ditiag with©; = 6, = 12 ° (Bragg-
Brentano condition) and a exposure time of 180asi&. For the determination of the
mean Pt crystallite size, diffractograms were aredy by means of the Rietveld
refinement method using the software Diffracplupd® (Bruker Corp.).
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Results and Discussion

Distribution of Pt in Membrane

Non-impregnated Membrane. To clarify the influeé¢ghe in-house electrodes as a
possible source for Pt deposits in the membraresscsections of a non-impregnated
membrane in BOT and EOT condition were analyzedFbiby means of EDX. The
measured Pt profile along the membrane thickneskaw/n in Figure 2. Besides the two
peaks of the electrodes below 0 um and above ~50Rtwas neither detected in the
BOT nor in the EOT membrane sample. In contra®, gtesence of Pt was distinctly
verified in the Pt-impregnated membranes shownigareé 4. It follows that the in-house
applied electrodes showed a high Pt stability azad loe neglected as a source for Pt
deposits. Thus, Pt content in the impregnated manasr originated only from the
impregnation procedure.

100 T 100
BOT
—EOT
75 75
2
T 50- - 50
>
o
O
25 25
0 h a4 P8 ol AN W A A M g i M LI 0
T T I T I T 1 T I T T
0 10 20 30 40 50
X/ um

Figure 2. Pt profile across the MEA with a non-iegmated membrane and in-house
applied electrodes before and after the degrad&tsin Data were measured by means of
EDX line scans. The anode is at x < 0 um, the ckthe represented by the large peak on
the right side of the scan.

Pt-impregnated Membranes. Pt deposition in Pt-ignpeeed membranes was
examined on samples in BOT and EOT condition. BT condition, Pt precipitation
in the membranes could not be detected in SEM miephs and in the XRD
diffractogram in Figure 3. However, EDX measurerseriearly proved the presence of
Pt as can be seen in the Pt profile across a Regnpted membrane in Figure 4. The
fact that the counts for the BOT sample are highan for the EOT sample does not
necessarily imply a difference in Pt concentratidimis could be attributed to the
influence of the fractured surface. In the EOT dbon, Pt particles were clearly visible
in micrographs (Figure 5) and also noticeable askpein the diffractogram. This
indicates that deposited Pt particles were injtiadinaller than the detection limit of
around 4 nm and grew during the experiment. As reisequence, analysis of particle
distribution in this study is limited to the EOT mbranes due to the limits of XRD and
SEM.
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Figure 3. XRD diffractogram of the MEA with 6.4 nRj-g*-Nafion® before and after the

degradation test.

100

75 1

50 -

Counts / -

25 1

BOT
—EOT

100

75

- 50

25

1 el L0l 4 I |
P itk i W R

X/ um

0

0

Figure 4. Pt profile across the Pt-MEA with 32.6-Rigg’-Nafion® before and after the
degradation test. Data were measured by means XfliBB scans. The anode is at x <0
um, the cathode is represented by the large pedékeonght side of the scan.

976



ECS Transactions, 58 (1) 969-990 (2013)

Figure 5. SEM micrograph of Pt precipitations ie #t-impregnated membrane with
32.6 mg-Pt g-Nafion® after the test.

The Pt profile in Figure 4 also reveals that theliBtribution is almost homogeneous
after the impregnation but changes are inducechduhe operation. Considering further
line scans of EOT samples (Figure 6), it becomesgools that Pt concentration dropped
in the proximity of the cathode but increased ie tentral area of the membrane. This
redistribution is most probably caused by the highdency of small nucleates to
redissolve and by the migration of positively clergons towards the negative anode in
the electric field under current flow. As a conseee, Pt precipitations near the cathode
are dissolved again and transported further inbortiembrane where they redeposit. It
can also be seen, that Pt peaks became more tisiinrmembranes which had a higher
Pt concentration or which were tested longer. b, fthe longer test duration led to loss
of membrane thickness as the different lengthshef line scans indicate. Therefore,
assuming Pt was not lost, Pt concentration wasraotly raised. The increased
concentration at certain locations could have bemmsed by local conditions like gas
concentration which facilitated growth respectivalgposition of Pt particles and/or
ionomer degradation (21).
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Figure 6. Pt profiles across Pt-MEAs with differ&ttconcentration after the degradation
test. Data were measured by means of EDX line scéms anode is at x < 0 um, the
cathode is represented by the large peak on thegside of the scan.

Taking into account the heterogeneous Pt profilee &nalysis of the particle
distribution presented in the following is congied to the area of the membrane centre.

Figure 7 shows the patrticle intensity, i.e. numbePt particles per area, plotted
against the Pt concentration. It can be seenttigaintensity increased linearly with the
amount of Pt in the membrane. Only the MEA with4lg-Pt g-Nafion® apparently

represents a runaway value of 2.8 X’ ¥articles per nfiwhich was considered in the
analysis.

2.0x10° e

15x10° - / )

1.0x10° E

Particle intensity / nm™
T
>

5.0x10™ E

00 e

1 n Il L 1 n 1 L 1
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Pt concentration / mg,, Oy,

Figure 7. Result of Pt distribution analysis in tbentre of the membranes: particle
intensity of the reference MEA®), Pt-MEAs reduced with 1-pentanol at; feg= 120 °C
(m) and reduced with ethanol ag;T.q= 60 °C (A).
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Such a strong dependence on Pt concentration ddrerseen in the average particle
diameter and the average nearest neighbor distarkigure 8. The sample with 6.4 mg-
Pt g*-Nafion®, which is the only membrane in the test whereoRsiwere reduced with
ethanol and at & g= 60 °C, exhibits the highest values of (9.4 £ In#) particle
diameter and 26.3 nm nearest neighbor distance.tliisr sample, additional XRD
measurements were conducted. Based on this datayénage size of Pt crystallite in the
EOT sample was determined to be 9.4 nm which cqooresds to the SEM data for particle
size and therefore give evidence for crystallitmngh being the dominant particle growth
mechanism in the Pt-impregnated membranes.

The membranes with 1-pentanol as reducing agenfTandq= 120 °C show lower
values for density and intensity as well as theléeicy of an increased diameter with Pt
concentration, ranging from (5.6 + 1.0) nm to (8.1.8) nm. A significant influence of
the Pt amount on the average distance can notdoe se

The increasing standard deviation of the averageneier wit Pt concentration
reveals that the particle size tends to be digetbumore broadly with increased Pt
amount. Furthermore, it becomes evident that tistion of low Pt concentration ap
red = 60 °C with ethanol is similar to high Pt conaatibn at F; eg= 120 °C with 1-
pentanol.

To sum up the findings, an increase in Pt conceatraleads to a higher
concentration of larger particles without signifitlg affecting their average minimum
distance to each other.

Average diameter d / nm
o o
B T J T
—p—
2 1 n 1

120 |-

o—|
1

T
T Jh v

0 10 20 30 40 50

Average min. distance s/ nm

Pt concentration / mg,, g;:aﬁon

Figure 8. Result of Pt distribution analysis in tterof membranes: average diameter and
minimum nearest neighbor distance of the referdhied (®), Pt-MEAs reduced with 1-
pentanol at #; eg= 120 °C @) and reduced with ethanol ag;T.q= 60 °C @&).
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Reference Membrane. A comparison of Pt precipitadetficially and during
operation, is enabled by the data of the lon PdvEA. Figure 9 shows the Pt profile in
the EDX line scan across this MEA after the tessigle peak appears at ~34 um and

represents the location of the Pt band. This isotilg area, where particles are visible in
SEM images.

100 100
75 -75
()]
= 50 - 50
>
o
(@]
25 25
|
0 10 20 30 40
X/ um

Figure 9. Pt profile across the reference MEA atfterdegradation test at EOT. Data was
measured by means of EDX line scans. The anode s a0 pum, the cathode is
represented by the large peak on the right sidleeo$can.

From the micrograph in Figure 10, it is appareat the particles in this band differed
considerably from the ones deposited by impregnafsee Figure 5). The data of the
particle distribution in Figure 7 and Figure 8 eefl this clearly: intensity and density of
particles is by far lower. In contrast, the averpgdicle has a diameter of 29.1 nm and is
substantially larger than the ones in the Pt mendgsawhich are smaller than 10 nm. The
size of the particles and their big average digarfcl15.4 nm suggest that particles were
growing to a much larger extent when precipitatidgring fuel cell operation.
Considering the relatively high standard deviatodrihe diameter of 14.2 nm, it can be
concluded that the growth was strongly irregular.
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Figure 10. SEM micrograph of Pt precipitations he tnembrane of the reference MEA
at EOT.

A possible explanation for this difference in peldidistribution is the dependence of
Pt solubility on particle size (22). The higherwdulity of the lon Power cathode led to a
steady supply of mobile Pt ions or small Pt pagsalvhich deposited on already existing
Pt particles in the membrane. As a consequence, ghevth was only limited by the
available supply. In contrast, the cathode of tltempregnated membranes did not
provide any Pt ions due to their higher stabilithus, the initial growth of these Pt
particles stopped when particles reached a cediameter, which led to immobility and
increased stability of the smaller particles.

Influence of Pt Precipitation on MEA Properties

Figure 11 shows polarization curves at variouslteweé gas humidification for three
Pt-impregnated membranes with different Pt conegiotn. The plots clearly demonstrate
that sensitivity to humidity is influenced by Ptethigher the amount of Pt, the higher the
drop of cell current at lower humidification. It isotable, that the change in
humidification mainly affects the linear sectiontire polarization curves. Thus, the loss
in performance can be attributed to an increasedobell resistance, as reported by Lee
et al. (23).
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Figure 11. Polarization curves at various levelsgat humidification for three Pt-
impregnated membranes with different Pt concemtnadt BOT. Cell temperature was set
to 80 °C, flow rates to 360/1200 sccm hydrogendaih gas pressures (abs.) at inlet of

anode/cathode of 1200/1700 mbar.

This is confirmed by the electrical conductivityoplshown in Figure 12. The data
were recorded at 100 % r.H. and its decrease tbtlscts the drop of electrical
conductivity with increasing Pt concentration ah+ayversaturated humidification.
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Figure 12. Electrical conductivity of the referend&A (O), Pt-MEAs reduced with 1-
pentanol at #; e¢= 120 °C ) and reduced with ethanol at;Tes= 60 °C (A) at BOT.

The electrical cell resistance includes contacistasces of the cell, as well as the
ionic and electronic resistance of the membran&ingathe observed influence of
humidification into account, it can be concludedttthe change of electrical conductivity
was caused by the ionic resistance of the membtasss. clear is the relation betweesn H
permeability and Pt concentration shown in FiguBe The slight increase of ;Hlux
could be interpreted as a correlation with Pt catre¢ion. But the big difference of the
MEA with 34.5 and 46.5 mg-Pt'gNafion, do not support this assumption. Stilcan be
concluded that proton transport is unambiguoustyetesed by Pt concentration, whereas
gas permeation is not. This indicates that Pt pretions mainly block ionic paths in the
membrane.
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Figure 13. H permeability of the reference MEAD{ and Pt-MEAs reduced with 1-
pentanol at ¥ eg= 120 °C ) at BOT. Values are normalized with respect td tes
duration, electrode area and membrane thickness.
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In some studies, impregnation with Pt was used siif humidification of the
membrane since hydrogen and oxygen react to watbe aatalytic sites (17, 23, 24). It
was reported that this improves the cell perforreaaiclow relative humidity (17). Our
results do not indicate the occurrence of thisoefeg BOT, since this would imply an
increase of ionic conductivity, gas permeation amduld also reduce sensitivity to
humidification (24, 25).

Result of Degradation Test

Membrane Thickness. An indicator for ionomer degtih is the loss of membrane
thickness. Figure 14 shows this data for cellsetesh the degradation experiment.
Whereas the in-situ precipitation clearly led tonmbeane thinning, Pt-impregnated
membranes surprisingly increased in thickness thighexception of the one with ethanol
as reducing agent and the MEA operated for 575roftunately, we cannot clarify if
swelling was accompanied by shrinkage in membraea since membrane sheets were
cut by hand and varied in area within a few milliers. In our opinion, the most probable
explanation for the increase is significant swellof the Pt-impregnated membranes due
to water uptake during the degradation test. Tiped@ence on Pt concentration indicates
that this was caused by self humidification. Sitimecells were operated at OCV; &hd
O, were not consumed at the electrodes and couldsdifthrough the membrane, where
they combined at Pt deposits to water. A possidson why this effect was not observed
at BOT, could be the short duration of operatiofolee BOT measurements and the
operation conditions with low crossover fluxes lo¢ reactants. But for interpretation of
EOT data, self humidification has to be taken etoount.
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Figure 14. Change of membrane thickness duringddggadation test for the reference
MEA (@), Pt-MEAs reduced with 1-pentanol ag; Teq= 120 °C ®) and reduced with
ethanol at §; .q= 60 °C (A), as well as of the Pt MEA operated for 575#).(

In the case of the Pt-impregnated membrane redwstd Ethanol and the one
operated longer, the decrease of membrane thickeeassbe associated with a high
ionomer loss, as the FER in Figure 15 (respectitredycalculated total fluoride emission)
demonstrates. This means that the decrease im#dsskdue to membrane decomposition
exceeded the swelling induced increase. The raferarembrane also exhibited distinct
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membrane thinning. Although its Pt concentratiors wat determined quantitatively, the
conclusion can be drawn from the comparison of Efa¥ in Figure 4 and Figure 9 that
its Pt mass fraction is considerably lower thanthe Pt-impregnated membranes.
Swelling in the reference membrane due to intenoatidification is therefore unlikely.
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Figure 15. Fluoride emission detected in the cosdtnof the reference MEA®(, Pt-
MEASs reduced with 1-pentanol ap(leq= 120 °C #) and reduced with ethanol ag; Teq
= 60 °C (A) as well as of the Pt-MEA operated at 150 % r#).(FER is normalized
with respect to test duration and active area.

Because of the additional influence of membrane liswge for Pt-impregnated
membranes, change in membrane thickness is npresentative measure for evaluating
ionomer degradation. More suitable is the FER shiowFigure 15. A direct relation to Pt
concentration is not evident. But the comparisoth wigure 8 reveals a correlation with
the diameter, respectively surface area, and tmegmmim distance of particles, which is
demonstrated in Figure 16. This finding is in castrto the result reported by Rodgers et
al. (15). Whereas we found an increase of FER imitheasing concentration and size of
particles, they reported increased degradationsioall particles. The most plausible
explanation for this is the difference in Pt corication. They were investigating
membranes with 0, 10, 30 and 50 mol-%, respectiOely7.9, 53.6 and 89.3 mg-Pt-g
Nafion® and found substantially reduced FER for the twoAdBvith the highest Pt
content. Apparently, chemical decomposition is sagged at this high Pt fraction due to
quenching of radicals.
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Figure 16. Average surface area and minimum distaofc particle distribution in
dependence on FER of the reference M@, (Pt-MEAs reduced with 1-pentanol at; T
red= 120 °C @) and reduced with ethanol ag;Teq= 60 °C (A). FER is normalized with
respect to test duration and active area.

Only the Pt-impregnated membrane operated withhgasdification of 150 % (46.5
mg-Pt g'-Nafion®) did not show this relation. It had an even loWw&R than the treated
membrane with 0 mg-Pt gNafion®, which means that the increase of humidification
was suppressing ionomer degradation. Since therwgtiake of this high loaded Pt-
impregnated membrane was already significantly eéased due to the internal
humidification, it can be assumed that the increasgas humidification mainly affected
the electrodes. The excess water might have I8ddding so that the formation of B,
at the electrodes and diffusion of, Hand air into the membrane were reduced
considerably. As a consequence, chemical deconqosiof the ionomer was
constrained.

The reference membrane exhibited the second highE&. But regarding the
dependence on surface area and distance as foutitefBt-impregnated membranes, its
large particles with big distances to each otherukhresult in a substantially higher
FER. This assumption fails however to capture tifferénce in Pt concentration. As
mentioned before, Pt precipitations in the lon Poweembrane were found to be
distributed in a narrow Pt band and not througlibetwhole cross section. Thus, the total
active surface of the Pt precipitations is smaled therefore also a local chemical
decomposition of the ionomer is expected.

Hydrogen Permeability. According to Fick’s firstidadiffusion flux is the product of
diffusion coefficient and concentration gradienhc® water uptake, Pt precipitations and
membrane thickness are changing during the tékienting both parameters, the data of
hydrogen permeability must be interpreted with icaut But the strong influence of
swelling can be eliminated by normalizing the éfossover flux with respect to the
membrane thickness at BOT respectively EOT, asbeaseen in Figure 17. This data
illustrates the influence of change in diffusioreffwient during the degradation test.
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Apparently, the value at 32.6 mg-Pt-tyafion® represents a runaway value, so that there
is the tendency of a slight permeability reductmath increasing Pt concentration for the
Pt-impregnated membranes. The increased wateraipfake membrane cannot explain
this result, since humidification improves permégbi(25). This suggests that the
suppression of the Hlux due to reaction at Pt precipitations was ereal.

H, permeability change / %
o

0 10 20 30 40 50

Pt concentration / mgy, i,

Figure 17. Change of +bermeability of the reference MEA( and Pt-MEASs reduced
with 1-pentanol at d; e¢= 120 °C @) during the degradation test. Values of permeabili
were normalized with respect to membrane thickness.

In contrast to the Pt-impregnated membranes, teeerece membrane became more
permeable. As the comparison of EDX data abovecatds, the Pt concentration was far
lower than in the Pt membranes. Accordingly, inkhmumidification and suppression of
hydrogen permeation must have been significanlg.|I€onsequently, the increase ef H
flux can be linked to ionomer decomposition, rasgltin a less dense membrane
structure.

Electrical Conductivity. The electrical conductiviexcludes by definition the influence
of thickness and mainly reflects the proton tramspo the membrane, since electric
resistance and contact resistances are considetedregligible. From the plot in Figure
18 the influence of the reduction step in the imgpedion process becomes again
apparent. The conductivity loss of 30 % of the FEA/keduced with ethanol and at 60 °C
exceeds significantly the values of the Pt-imprégthamembranes reduced with 1-
pentanol and at 120 °C. Compared to the data of &ftRthickness loss, degradation in
terms of conductivity is more pronounced. In cositrahe conductivity change of the
other Pt-impregnated membranes varies betweenn@.04a5 % and displays no trend or
correlation to other data. Most probably, thishe result of the contrary influence of
increased water content due to self humidifica@ma decomposition of the ionomer,
which involves the proton conducting sulfonic greuphe greatest loss of conductivity
with a value of 52 % exhibited the reference memér&®ne reason was the precipitation
of Pt, since its presence is decreasing condugtgtcan be seen in Figure 12 for the Pt-
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impregnated membranes. Furthermore, the loss diorsal groups certainly also
diminished proton transport.
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Figure 18. Change of electrical conductivity of treference MEA @), Pt-MEAs
reduced with 1-pentanol apeq= 120 °C @) and reduced with ethanol ag; .= 60 °C
(A) during the degradation test.

Conclusions

We investigated the influence of Pt precipitaticarsd their concentration on the
properties and degradation of the electrolyte memdér Nafioi membranes
impregnated with Pt showed that the increase imdPtentration decreases the ionic
conductivity of the membrane and increases theitsgtys of cell performance on
humidification.

During the degradation test at OCV, membranes saelue to reaction of +and Q
at the Pt deposit. As a consequence, water uptdkeemced permeability and electrical
conductivity, constricting their information valder degradation. The FER however,
exhibited a correlation to size and distance opfetipitations. lonomer decomposition
was enhanced with an increase in concentratiorsarfdce area of Pt deposits as well as
distance between particles.

The comparison with a non-impregnated membrane dstraded that particle
distribution of Pt precipitation forming during apdéion differed considerably from
artificially precipitated Pt. Particles formed iitts were distributed more
heterogeneously, in particular a Pt band is fornaed, grew to a larger extent than in the
Pt-impregnated membranes. Furthermore, they wese teimerous and had a larger
distance to each other. As a result, its totalvacsurface area was lower. Besides,
evidence for significant internal humidificationdaswelling was not observed. Probably
because of this, ionomer degradation could not belydentified by means of FER, but
also based on an increase of electrical resistandd+$ permeability.
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To confirm our data and assumptions, we will usditaahal analytical methods to
determine more precisely Pt concentration and tanmeéxe the Pt-impregnated
membranes for the presence of adsorbed water.
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