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Abstract

The formation of OH radicals (*OH) for polymer dledyte fuel cell (PEFC) was investigated
with a home-made test cell by means of a fluoressgmrobe method for several kinds of
membrane electrode assembly (MEA) consisting ofidvafAfter 12-h operation under open
circuit condition, *OH was detected at both thedmand the cathode sides but the amount was
much larger for the anode side. The formation dfl €dnsiderably depended on the amount of
Pt/C catalyst loaded in the MEA. Dispersion of Rttigles in Nafion membranes increased the
*OH formation, but Pt ions did not. Based on theults, the formation mechanism was
discussed.
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1. Introduction

Improvement of duration of polymer electrolyte fuells (PEFCSs) is one of the tasks
which should be attained before forthcoming prattiwide applications in the world. Factors
affecting the duration of PEFC may be poisoningcatalysts, dissolution of Pt catalyst, and
degradation of polymer electrolyte membrane [1]. ol these factors, the degradation of
membrane causes decrease of the proton conductasity consequently, lowering of the
performance as deterioration of the membrane. [Rer deterioration of membranes, the
decomposition with heat and the chemical reactiath vactive oxygen species have been
acknowledged [1]. As for the active oxygen spe@eBEFC systems, the formation of® has
been reported [2]. The presence ofzwas confirmed in drain water [3], exhaust gas @i
membranes [5] during operation of PEFCs. Sincedhetivity of HO> is suspected to be not so
high to decompose polymer electrolytes, the foromatf reactive OH radicals (*OH) fromx@&>
has been suggested [1]. The formation of reactdd from HO> may be caused by electrode
reduction of HO. and/or reduction with metal ions such ag*Rehich are possibly present as
contaminants [6]. The latter reaction is well knoamFenton reaction.

H0; + F&* - «OH + OH + Fé* (1)

In recent years, the formation of Pt nano cryisésllin polymer electrolyte membrane
(PEM) has been reported [7]. The dissolved Pt foms cathode are reduced in the membrane
to form Pt particles at a certain position from tdahode where the potential is less positive to
reduce Pt ions to metallic Pt particles [7], whisltalled “Pt band”. On the Pt band; @aked
from the cathode may be reduced to foraOFsince the potential is not so positive as the
cathode. The formation of 2. at the Pt particles may produce a large amountOdf to
deteriorate membranes [8]. On the other hand, & negorted that the dispersed Pt particles in
membrane scavenges®b and the formation of *OH is suppressed [9], cosiclg that the Pt
band functions to decrease the degradation of PEM.

Though the formation of «OH in the PEFC reactigsiem is suggested, there are only a
few experimental researches dedicated to detect [@1B]. In the literature, a spin-trapping
ESR method is often used owing to the high sertsitiin this method, a stable nitroxide radical
is adducted with «OH by a trapping reagent. Howetlex trapping reagents or adducted radicals
are sometimes not stable enough for the quangtanalysis [14]. An alternative method to
sensitively detect *OH would be a fluorescence enolethod [15]. This method is based on the
formation of a stable fluorescent product by thectien of «OH with a specific molecule, such
as coumarin and terephthalic acid. As reported ipusly [15], by using coumarin, we
successfully detected «OH formed in the PEFC reastifor a membrane electrode assembly
(MEA) supplied from a company. In the present siway prepared several kinds of MEAs and
used the fluorescence probe method to investidgateetfect of the amount of Pt/C catalyst
loaded in MEA and the dispersed Pt particles in RiEEMhe «OH formation.

2. Materials and method

2.1 Materials



Ethanol, sodium hydroxide (Nacalai Tesque), butgtate, 1-pentanol, 30-wt% hydrogen
peroxide (HO2) solution, 20 wt% Nafion in ethanol, sulfuric agd/ako Chemicals), coumarin,
umbelliferone (Tokyo Kasei), tetra-ammine platintignflichloride (Pt(NH)4Cl> H2O, Kojima
Chemicals), hexa-chloro platinum(1V) acidMCk, Nacalai Tesque) were used without further
purification. Pt/C catalyst (46.0 wt% Pt, TEC10EQ#as purchased from Tanaka Kikinzoku.
Nafion NRE-212 and Nafion 115 membranes (manufactlby DuPont) were obtained from
Aldrich Chemicals. The thicknesses of the membramegeported from the manufacturer to be

51 and 127um, respectively.
2.2 Preparation of MEA

The catalyst paste used in the present study veasaped with the following procedure based
on the report by Uchida et al.[16]. Pt/C catalystswdispersed in butyl acetate for 30 min by
ultrasonic treatment. Into the dispersion, a 5-Wé&ion ethanol solution and then butyl acetate
were added. The mixture was agitated with ultrasdr@atment. The final weight ratio of the
paste was 1:1:60 for Pt/C: Nafion(dried):butyl atet Carbon cloth (EC-CC1-060, Toray Co.
Ltd.) was employed for the functions of a chargecting electrode and a gas diffusion layer.
The carbon cloth used was a rough cloth with tixtute of 8 meshes for 10 mm. After the
treatment with the 5-wt% Nafion ethanol solutiongcside of the carbon cloth was coated with
the catalyst paste using an air-brush spray foatha of 25 mm x 25 mm, followed by drying at
80 °C for 10 min under vacuum. This procedure weseated until the weight of catalysts
became a desired value. Finally the coated carlmh was dried at 80 °C for 30 min. The
tested quantities of catalyst ranged from 0.1 &5 Img: cn?, but usually 0.5 mg cm? was
adopted. MEAs were prepared by sandwiching a PEM thie catalyst-coated carbon clothes
prepared above. The contact between the PEM andatadyst was attained by pressing the
layers under 5 MPa at 150 °C for 10 min. The PEk@as used were Nafion NRE-212, acid
treated NRE-212, Nafion 115, and Pt-dispersed Mafith.

2.3 Dispersion of Pt ions and Pt particles in Ndafi

Pt-dispersed Nafion membranes were prepared watHalfowing procedure based on the
report by Hagihara et al. [17]. To prepare Pt-dispé PEM, Nafion 115 was used instead of
Nafion NRE-212 because the mechanical strengthhef NRE-212 membrane after the Pt
dispersion became too weak to construct a testcielA sheet (5 cm x 5 cm ) of Nafion-115
membrane was treated in 100 mL of 0.26 mM P#EI> solution at 80 °C for 24 h to prepare
an ion-exchanged membrane. This ion-exchanged nambwas used as one of the test
membranes after washing by boiling pure water. fepare a Pt-particle dispersed membrane,
100 mL of 1-pentanol was mixed with the Pt(ju€l> solution containing ion-exchanged
membrane and then the mixture was refluxed at @2ff 2 h. By this procedure, Pt ions in the
membrane were reduced into Pt metal particles hadcolor of the membrane became black.
The membrane was washed by boiling in pure watecoAding to the literature [17], the acid
groups in the PEM are completely exchanged witloid regardless the state of the membrane,
and almost all (98%) of Pt ions are reduced to Btain Under the assumption of complete



exchange, the densities ofPand Pt are calculated to be 0.1 mgZm
2.4 Testcells

To apply the coumarin fluorescence probe methothéreaction occurring in a PEFC
system, a test cell equipped with reservoirs fer plobe solution was devised as illustrated in
Figure 1. The cell was built with two pairs of aaryresin plates (thickness 5 and 1 mm) and
shielded from gas with silicone glue. In each resiey 1 mL of coumarin solution contacts with
the outside of the carbon cloth of a 1 cm x 2 ceaao that the surface of the MEA was exposed
to probe molecules in solution. The upper parthef tathode end-plate was opened to contact
with air and had some grooves (2 mm width and 3 aempth) on the MEA side to allow the
diffusion of oxygen into the probe solution. Foe tanode end-plate, similar grooves were also
curved to lead kgas to the carbon cloth and into the probe solufidve flow rate was about 3
mL min! and the potential difference between the elecsads about 1.0 V on the open circuit
condition. The probe solution at the anode was yigenxized by bubbling Ngas thoroughly
before the experiments. The temperature of theveadl not controlled and remained at room
temperature. Before building the test cell, the MiEés soaked in a 30 mL of 20 mM coumarin
solution for one night. In the previous study [1fle concentration of coumarin was 1 mM and
the MEA was not pre-treated by coumarin solutiowwsithe MEA did not adsorb coumarin from
the solution. Actually, Nafion NRE-212 used in the present stadisorbed 0.52 mmol of
coumarin molecules per 1 g membrane.

Four sets of the test cell of the same design wepared and used, e. g., to examine for 1,
3, 6, and 12 h operations. After the open circoiltage (OCV) test operation, the coumarin
solutions in contact with the electrodes were tiemned to a usual fluorescence quartz cell (10 x
10 x 45 mn), and the fluorescence spectra were measuredansiectrofluorometer (Hitachi
Co., Ltd., Model 850). Because the optical absarbasf 10 mM coumarin at 332 nm was as
large as 30 ci, the fluorescence spectra were measured with aaeker for front detection.

2.5 Formation of «OH from ¥D. on Pt

The formation of «OH was examined with the follagiseparate batch experiments. A
sheet (5 mm x 50 mm) of Pt-modified Nafion membrana piece (5 mm x 20 mm) of Pt-mesh
was immersed for one night in 20 mL of a 3%k solution containing 10 mM coumarin. After
the immersion, the fluorescence spectra of thetisolkl were measured to estimate the
concentration of umbelliferone.

3. Reaultsand discussion
3.1 Formation of «OH

Figure 2 shows fluorescence spectra of 10 mM comnsalution which was contacted
with the electrodes during OCV tests up to 12 har§e fluorescence band peaked at 393 nm is

attributed to coumarin and a small peak observetb&tnm is assigned to umbelliferone. The
increase of the 455-nm peak in the fluorescencetspendicates the detection of «OH on OCV



operation of fuel cells. Thus it was confirmed ta&H can be detected in PEFC reaction as
shown in the previous report [15], where the conmiadly prepared MEA rarely adsorbed
coumarin molecules and the coumarin concentrat&sd was one tenth of that in the present
experiment.

For quantitative analysis, the fluorescence speautrauthentic umbelliferone in 10 mM
coumarin solution were measured. Figure 3 showsfltiogescence intensity at 455 nm as a
function of the umbelliferone concentration. Theéadiay on a linear line, indicating the validity
of the fluorescence method to measure the smallatmaf the probed molecule. By using the
linear line in Figure 3, the concentration of unibeione, namely the probed *OH, can be
calculated from the fluorescence intensity at 458 m Figure 2. Since the vyield of
umbelliferone by the reaction of coumarin with <Qits reported to be 7% [15, 18], the
generated amount of *OH can be estimated from ttligelliferone concentration by dividing by
0.07.

Figure 4 shows the concentrations of «OH probetie@both electrode sides on the OCV
operations for various periods of time. After 120hOCV operation, the concentrations of
probed «OH were about dM and 0.5uM at the anode and cathode sides, respectivelgeSire
volume of probe solution was 2 mL and the contaea avith electrodes was 2 énthe amounts
of probed «OH in 12 h were calculated to be 1.0 @&dnmol crit for the anode side and the
cathode side, respectively.

3.2 Effect of the amount of Pt/C catalyst in MEA

Since the amount of catalyst is known to affectpgbeormances of PEFCs, the effect of
the amount of Pt on the formation of *OH was exauinFigure 5 shows the fluorescence
spectra of probe solution at both electrodes wahous amounts of Pt/C catalyst. From the
fluorescence intensity at 455 nm of these spethie,amount of «OH was calculated by the
method described above and plotted in Figure 6.n¥he amount of Pt was as small as 0.%:mg
cnt?, the formation of «OH increased compared to theeaaf 0.25-0.75 mgcn?. Inaba et al.
[19] showed that, for a Pt-dispersed glassy carbtating ring-disk electrode, a small amount of
Pt increased the formation oG because of the incomplete reduction efAlthough under
OCV condition the reduction at the cathode doestaké place as usual fuel cell reaction,
keeping the positive potential against thg R anode electrode means the presence of some
electrode reactions involving2@nd Pt, which are considered to be similar to@h@eduction
reaction of fuel cells. Therefore, the increasehef O, formation for the small amount of Pt
catalyst probably lead to the increase of *OH fdiomaat the cathode side as shown in Figure 6.
The *OH increase at the anode side as well asdti®de side is attributable to the diffusion of
H20O> from the cathode side to the anode side.

When the amount of Pt was 0.5 - 0.75pnan?, lower formation of «OH was detected. At a
higher amount of Pt content, the *OH formation gelly increased as shown in Figure 6. This
increase can be explained by the increase @k Hormation at the anode by cross leaked O
with the increase of the amount of Pt catalyst. Gtuss leakage of gasses to generate *OH is
supported by the observation that the «OH formabiecame about a half when the thickness of
the membrane increased from gt (Nafion NRE-212) to 12pm (Nafion 115) as shown in
Figure 7. The increase of the «OH formation atdh#hode side with large amount of Pt seems to



contradict to the observation by Inaba et al. [¥8]ere the formation of #D> as a byproduct of
oxygen reduction decreased with increasing the amotLiPt. In the present experiment under
OCV condition, however, with large amount of PtCHis initially generated by the leaked &t
the anode and then diffuses to the cathode. Timeafiwn of «OH from HO- under the electrode
potential of cathode has been proved by our previe®R study [14].

3.3 Effect of Pt dispersed in membrane

In order to investigate the effect of Pt band disdolved Pt ions on the degradation of PEM,
the formation of *OH was examined for Nafion 115nmmbeanes modified with dispersing Pt
particles and ions. Since the mechanical strendtith® membrane was decreased by the
modification, Nafion 115 was used in place of NafdRE-212. Three sheets of MEA for each
modified membrane were fabricated and tested u@d&v condition for 12 h. The amounts of
detected *OH for each MEA were averaged and predeint Figure 7, where the error bars
indicate the dispersion of the data for three c&itg MEA without membrane modification, the
amount of «OH formed at the anode was about twidhad at the cathode for both Nafion NRE-
212 and Nafion 115. This observation indicates thatthickness of the membrane does not
affect the formation mechanism, and the effecttadriPNafion 115 can be discussed for Nafion
NRE-212 as well.

By dispersing Pt particles in the membrane, then&tion of *OH increased by twice at
both electrode sides as shown in Figure 7. Theeas® at the cathode side is likely due to the
reduction of HO; at the surface of dispersed Pt particles, whieiticrease at the anode side is
explained by the increase in the®d formation at Pt particles from the leaked &d the Hat
the anode. When the Nafion membranes were treatechiregnate Pt and Pt* ions, no
increase in *OH was detected. This observationestgghat dissolved Pt ions, as a precursor of
the Pt band, do not accelerate the formation of.«OH

The experimental results described above indictitat at the surface of Pt particles
*OH was formed from kD>. Thus the generation of «OH was tested in a sé&pdatch
experiment with a 3% #D> solution. Figure 8 shows the umbelliferone conaians estimated
from the fluorescence intensity as the amount obged *OH. Since the absorbance of 3%H
at 332 nm is 0.1 ch the excitation light for fluorescence measurementused
photodecomposition of ¥, into *OH. Then, 0.74M of umbelliferone ( dotted line in Figure
8), which was estimated from the measurement withest samples, is not attributable to the
*OH probed in the each test reaction. Then, theahconcentration of «OH formed on the test
reactions is that exceeded this value.

As exhibited in Figure 8, about 1M of «OH (actually 0.9uM by subtracting the
blank) were formed by the reaction with a Pt-p&etimodified membrane. When the piece of
platinum mesh was immersed, the formation of «OH ahout 6.2uM (5.5 uM by subtracting
blank). Thus it was confirmed that at the Pt swefacpart of HO> is converted to «OH. The
oxygen gas was evolved fromx® at the Pt surface, indicating the decompositiorHgD.
represented by reaction (2). Then, the «OH formati@ay be explained by two side reactions of
the decomposition of #D2; one electron reduction (3) or oxidation (4) ofdd would take place
at the Pt surface as discussed in the previoustesfd@, 14].



2H0, > 2H.O0 + O (2)
HXO, + € > «OH +OH (3)
PtO + HO; > Pt + «OH + H + O + € (4)

Thus, by employing the coumarin fluorescence probk¢ghod, the «OH formation from

H.O. at Pt particles in Nafion membrane was evidenddds observation contradicts to the
report by Aoki et al. [9], where the DMPO spin-tpay ESR method was applied to detect «OH.
They concluded that «OH formation was suppressedhbyPt particles dispersed in Nafion
membranes. In our experiments connecting to theique researches [12, 14], the Pt catalysts
also decreased the «OH formation by using the DMpi-trapping ESR. Where, with the
careful examination of the change of UV spectrunDbdPO, we found that DMPO molecules
decomposed at the Pt surface [14]. The decompogsitio take place through the H adducts [13,
20] of DMPO at the Pt surface. Therefore, the desmein the trapped adduct of *OH is
attributable to the decomposition of DMPO spin trapgent. Thus it may be difficult to detect
*OH by using trapping reagents in the presencd.of P

4. Conclusions

We demonstrated that a coumarin fluorescence pnodtdod is applicable to detect
*OH formed in PEFC systems. On the 12-h OCV opamnatif test cells with the prepared MEA,
it was confirmed that the «OH formation is largdrtle anode side, though the significant
amount of «OH was detected at the cathode sideedishe formation of *OH depended on the
amount of Pt/C catalyst in MEA. For Pt loading 05 06- 1.0 mgPt crh *OH formation was
barely varied. Above and below these values theease of OH formation was observed.
Dispersion of Pt particles in PEM increased the <@Hnation, while Pt ions did not. The
present observation supports the reports that thdaRd in PEM accelerates the PEFC
deterioration [8], although this is based on th@atkd observation of the present study.
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