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In situ ATR-FTIR study of oxygen reduction at the Pt/Nafion interface
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We have developed a new half-membrane-electrode assembly (MEA)-type cell that allows us to
conduct attenuated total reflectance—Fourier transform infrared (ATR-FTIR) measurements at
the Pt/Nafion interface under humidified N,/O, atmosphere. The cell consists of a gas-diffusion
type anode placed on a carbon separator with a gas flow field, a Pt film cathode deposited
chemically on an Si ATR prism and a Nafion NRE®211 electrolyte sandwiched between them.
The construction allows the control of the atmosphere at the cathode by those at the anode

via the electrolyte of 20-pm thickness.

An infrared absorption band was observed at 1400-1403 cm™ " under humidified oxygen
atmosphere in close association with the appearance of ORR current. Its absence under N,
atmosphere and insensitivity to the change from H,O to D,O humidification led us to ascribe the
band to the O-O vibration of the adsorbed oxygen molecule O,(ads). The band intensity increased
with increasing ORR current but decreased significantly in the limiting current region. However, the
stability of the species at potentials as high as 1.1 V vs. the reversible hydrogen electrode (RHE) led
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us to rule out the possibility that the band could be due to adsorbed superoxide O, .

1. Introduction

The polymer electrolyte fuel cell (PEFC) has attracted global
interest as a potential candidate for clean power sources for
automobile, residential and portable applications. The cathodic
overpotential for the oxygen reduction reaction (ORR)
decreases the cell efficiency up to ca. 50% under practical
current load conditions on most electrocatalysts developed
thus far due to poor ORR catalytic activity, whereas the
anodic overpotential is usually very small for pure hydrogen.
Therefore, the development of cathode catalysts with high
ORR activities has been a major issue in fuel cell science and
technology. Platinum has been the key catalyst for the ORR,
and factors such as alloying with non-precious metals'> and
Pt catalyst particle size, contributing to and affecting the ORR
activity of Pt, have been investigated extensively. In particular,
Yano et al. showed that the apparent ORR rate constant and
activation energies were independent of particle size in the
1-5 nm range and were identical to those of bulk platinum
electrodes.* Understanding the ORR mechanism has been a
key issue in developing such cathode catalysts with high ORR
activities.>® Our recent electrochemical-X-ray photoelectron
spectroscopic (EC-XPS) studies have revealed a higher affinity
of Pt alloy skin layers compared to pure Pt for oxygen
containing adsorbates such as O(ads) and OH(ads) at operating
potentials of ORR.'® This led us (MW, HU) to propose that
their increased surface coverage is the origin of the enhanced
ORR activities on such alloy catalysts.
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The EC-XPS has high sensitivity and specificity in the
analysis of the O 1s spectra, with binding energies specific to
the various oxygen-containing surface species. On the other
hand, being an ex situ method, it cannot be combined directly
with a simultaneous measurement of ORR activity. In situ
ATR-FTIR studies'"'> have been conducted on a Pt film
chemically deposited on Si in order to examine the nature of
reaction intermediates of ORR in alkaline solution (pH = 11);
a band located around 1010 cm™' was observed under oxygen
atmosphere and was assigned to the O-O stretch of the
superoxide anion, O,”, acting as the intermediate of the
4-clectron ORR.'? Baranton et al. reported an in situ IRAS
study utilizing a Nafion™ 115 membrane electrolyte (130-pum
thickness) to examine the ORR at 0.5 V (RHE) on an iron
phthalocyanine (a-FePc) catalyst supported on a carbon
substrate.!> They were able to detect the {(OH) and 5(HOH)
bands of the product water of the ORR around 3450 cm ™' and
1620 cm™', as well as a strong and a weak band at 1050 and
1130 cm™ !, respectively. The latter two were assigned to the
O-0 vibrations of the adsorbed intermediates of the ORR,
i.e., OoH and O,™, respectively. Based on the relative band
intensities, the step to produce O,H from O, was ascribed to
the rate-determining step (rds) of the ORR on the a-FePc
catalyst. That work was the first successful application of
IRAS to utilize a Nafion® membrane as the electrolyte;
however, the decreased energy throughput of the system, due
to the strong infrared absorbance of the thick membrane, was
a limitation.

The aim of the present report is first to develop an
ATR-FTIR method specifically for use with solid polymer
electrolyte membranes that allows us to conduct an in situ
examination of the catalyst surface under defined electro-
chemical conditions. Being an ATR method, it is free from
the strong infrared absorbance of the membrane electrolyte.

This journal is © the Owner Societies 2010

Phys. Chem. Chem. Phys., 2010, 12, 621-629 | 621


http://dx.doi.org/10.1039/b917306d
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP012003

Published on 12 November 2009. Downloaded by Pennsylvania State University on 18/09/2016 21:18:53.

View Article Online

This is an extension of the in situ ATR-FTIR'*'7 and
SEIRAS (surface enhanced infrared reflection absorption
spectroscopy)'®!¥22  techniques developed for studying
electrode surfaces in aqueous electrolytes. Secondly, we intended
to apply the new method to the characterization of the interface
between a platinum electrode and the Nafion membrane under
ORR conditions with potential sweep or steps. We were able
to monitor the bands of water, as well as those for an adsorbed
reaction intermediate, as a function of potential under ORR
conditions.

2. Experimental

We employed an ATR-FT-IR method combined with potential
step or cyclic voltammetric (CV) measurements for in situ
monitoring of the processes associated with ORR on a
chemically deposited Pt film (20 x 25 mm) on an Si ATR
prism. In order to improve the ionic contact of the Pt film
electrode with the Nafion®™ membrane itself, we cast a 0.1 pm
thick Nafion® interlayer by pipetting a measured amount of
diluted Nafion® solution (Aldrich) on the Pt film, followed by
drying and heat treatment in air at 130 °C for 2 h. The method
of chemical deposition of a Pt thin film on the Si ATR prism
has been described elsewhere.'®*° The structure of such a Pt
film was examined by SEM and AFM.?° The film consists of
Pt nanoparticles with an average dimension of 100 nm and an
estimated thickness of ca. 50 nm. It has been known that the
electrochemical properties of such a Pt film are very similar to
those of ordinary polycrystalline Pt electrodes, as reported for
the adsorption/oxidation of CO'*?*2! and hydrogen.'®!%!
We present a schematic view of the cell in Fig. 1, which is
based on a carbon separator with an interdigitated-type gas
flow field. The counter electrode is a gas-diffusion electrode,
which consists of hydrophobic carbon paper with a Pt/C
catalyst layer, for which the Pt loading was ca. 0.4 mg cm™>.
The counter electrode was placed on the flow field with the
catalyst layer facing up. A NRE®211 membrane was placed
on the same catalyst layer as the electrolyte so that it was
sandwiched by the counter and Pt test electrodes. A 20-um
thick gold foil was placed between the Pt electrode and the
membrane as a current collector. The reference electrode was a
gas diffusion electrode similar to the counter electrode and was
fed either with humidified H, or O,. In the former case, it
served as a reversible hydrogen electrode (RHE), and some
experiments in N, and O, atmospheres were conducted by use
of the RHE. However, most of the measurements under O,
atmosphere were conducted by use of the reference electrode
also under O, atmosphere, and the potentials thus measured
were converted to the RHE scale by adding the estimated
reference potential of 1.1 V vs. RHE. Therefore, all potentials
are referred to RHE in this report. The O, fed to the gas flow
field flowed into the counter electrode and then diffused
through the NRE®211 membrane to reach the Pt test elec-
trode. In other words, the rate of O, supply to the test
electrode was defined by that of O, diffusion through the
membrane. The H, and O, gases were humidified by a 30-cm-deep
bubbler at room temperature which contained either Milli-Q
H,0 or D,0. The O, humidified by D,O was used as an aid to
the assignment of the observed spectra, as explained later, as

Tl
H, 0, (1,0, D,0)

Fig. 1 Experimental set-up to conduct in situ ATR-FTIR measurements
at the Pt/Nafion interface. The base of the system is a 5 mm thick stainless
steel (SS) plate. The thickness of the graphite separator is 20 mm.

well as for the direct measurement of the H/D isotopic effect
on the ORR kinetics. D,O with 99.8 at.% D content (ACROS
ORGANICS)) was used for this experiment. The flow rate of
0O, was set at 20 ml min~".

The ATR-FTIR measurements were conducted at room
temperature by use of a Digilab FTS6000 spectrometer
equipped with a broadband MCT detector cooled by liquid
nitrogen. The angle of incidence was set at 70°, and the
spectral acquisition was conducted by use of unpolarized
infrared radiation at 8 cm™! resolution. The interferometer
was driven by dry air, which was used for purging the spectro-
meter as well. The spectral results are displayed in absorbance
units, defined as —log(//1,), where I and I, represent the spectral
intensities in the sample and reference states, respectively. The
reference spectrum was collected at 1.1 V (vs. RHE) under N,
or O, atmosphere.

We need the information of the vibrational spectra of the
membranes for the interpretation of the in situ ATR-FTIR
spectra at the Pt and electrolyte interfaces as obtained above.
Therefore, ATR spectra of Nafion®112 and NRE®211 were
measured by use of the same set-up shown in Fig. 1, where the
membranes were contacted directly on the surface of the Si
ATR prism without a Pt film. For the measurement of the
background spectrum, we utilized a reflective aluminium foil
in place of the membrane.

2. Results and discussion
2.1 ATR spectra of Nafion® 112 and NRE®211

We present the ATR spectra of the Nafion®™112 and
NRE®™211 membranes in Fig. 2 measured by the setup shown
in Fig. 1. There are no significant differences between the
spectra for two membranes, which are manufactured by
slightly different fabricating procedures, i.e., extrusion and
casting methods, respectively. The asymmetric and symmetric
CF, stretch modes, v,5(CF;) and v4(CF,), at 1213 cem~! and
1153 em™!, and symmetric SO3 stretch mode, 14(SO3), at
1056 cm ™! are consistent with those reported for cast Nafion™
films and membranes.>> The water bands around 3460 cm ™!
and 1600-1700 cm ™" are relatively weak as compared to those
of CF, bands, suggesting that the surface of the membrane
sampled by the ATR measurements is rather dry. When
measured in the transmission mode, however, the relative
intensity of the water bands was significantly enhanced
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Fig. 2 ATR-FTIR spectra of Nafion 112 and NRE 211 membranes
observed in air.

(data not shown). This implies that the water content in the
bulk of the membrane is much higher than its surface. This is
reasonable as the membranes were placed in the sample
compartment of the FTIR purged by dry air.

2.2 CV of the Pt electrode contacted with the cast Nafion®
film

Fig. 3 shows a CV observed at the Pt electrode under N,
atmosphere at 50 mV s~ !. The potential sweep was initiated
from 0.07 V to avoid an effect of noticeable hydrogen
evolution at lower potentials. The resulting hydrogen
adsorption and desorption waves were well defined, and the
roughness factor, calculated from the hydrogen desorption
charge, sQy, and the geometrical area of the Pt film, 5 cm?,
was 5.6. This is slightly smaller than that obtained in electrolyte
solutions for a similar Pt film without a Nafion® film, but it is
reasonable for the presence of the film to reduce the electro-
chemically active area by more than 10%.""

2.3 ATR-FTIR spectra observed by potential sweep and step
methods

Fig. 4 shows ATR-FTIR spectra observed at the Pt electrode
contacted with the cast Nafion® film during the CV measurement
from 1.175 V (RHE) to 0.175 V in O, atmosphere at 1 mV s~ .
Spectra were acquired every 50 s, i.e., the potential resolution

3.0

2.0+

1.0

0.0
-1.0+
-2.04
-3.0

00 02 04 06 08 1.0 12
E/V vs. RHE

Fig. 3 A CV of the Nafion-coated Pt film electrode on a Si prism
observed at 50 mV s~ ! in N, atmosphere humidified by H,O.

j/mA

was 50 mV. The CV observed simultaneously is shown in
Fig. 5. We can notice the development of the water (OH) and
3(HOH) bands around 3500 and 1610 cm™" in (A) and (B),
respectively, and of two more bands around 1403 and 1223 cm ™!
in (B) during the negative-going potential sweep. Of these
observed bands, we assign the water bands to the water
associated both with the reduction of the Pt surface oxide
and that associated with the ORR, based on their development
with decreasing electrode potential and increasing ORR
current, as shown in Fig. 5. The band around 1223 cm™' can
be assigned to the CF, stretch modes of the NRE®™211
membrane based on its ATR spectra, shown in Fig. 2. The
observed development of the CF, stretch bands at the lower
potentials suggests a change in orientation of Nafion™. This
may be associated with incorporation of water produced by
the reduction of Pt surface oxides and by the ORR. However,
as we have found that the CF, stretch modes decrease their
intensity upon water incorporation into Nafion®,?* we assign
the change in orientation to an effect of potential. The reason
why Nafion® changes its orientation with potential is not clear
yet. It may be related to the behavior of the pendant chains
containing the SO;~ group, which is expected to show potential-
dependent adsorption/orientation on Pt. Unfortunately,
however, the band ascribed to the symmetric SO; stretch
mode around 1056 cm~! was not clearly detected in Fig. 4.
This is the region where the intensity of the incident infrared
light is very low due to strong absorption by the massive Si
prism window. Therefore, detection of a weak band of the SO3
stretch mode in this wavenumber region is not expected to be
easy. It should be noted here that there is another unassigned
band around 1450 cm ™' in Fig. 4. We examined the behavior
of this band carefully and assigned it to an artifact in the
measurement. The band is much less pronounced in Fig. 6, to
be shown below, observed by the potential step method,
which gave rise to spectra with an improved signal to noise
(S/N) ratio and spectral base line compared to Fig. 4, as
explained later.

The band around 1403 cm™' develops with decreasing
electrode potential and increasing ORR current, but it clearly
reaches a maximum, followed by a rapid decrease at lower
potentials, as seen in Fig. 4. The band areas, integrated
intensities, of the 3500 cm™' for the water band and the
1403 cm™' band were determined and plotted as a function
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Fig.4 ATR-FTIR spectra observed during CV measurement at 1 mV s~
on the Nafion-coated Pt in O, atmosphere humidified by H,O. The
spectra are referenced to that obtained at 1.2 V.
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Fig. 5 Potential dependences of the integrated intensity of the
1403 cm ™" and 3500 cm ™' bands, respectively, and the CV observed

at 1 mV s~ ! simultaneously with ATR-FTIR spectra in O, atmosphere
humidified by H,O.
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Fig. 6 7ATR-FTIR spectra observed at constant potentials on the

Nafion®-coated Pt in O, atmosphere humidified by H,O. The spectra

are referred to 1.2 V.

of the potential in Fig. 5, in which the observed CV is plotted
also as an aid in the interpretation of the intensity data. The
intensities of the two bands began to develop from ca. 0.9 V at
the onset of the ORR. The former band showed a first peak at
ca. 0.65 V followed by further increase, and finally reached the
second peak in the limiting current region of the ORR. It is
probable that the increase of adsorbed water can be mainly
attributed to the increase in ORR current but a partial
contribution of water formed by the reduction of Pt surface
oxides in the potential region, i.e., from ca. 1.0 to 0.6 V,
corresponding to the first peak. The 1403 cm ™' band showed a
clear maximum around 0.475 V. The potential dependence of
the intensity of the 1403 cm ™' band will be discussed later.
We conducted further measurements by a potential step
method to confirm the results observed by the potential sweep
method described above. After acquiring a background
spectrum at 1.2 V, the potential was stepped to lower potentials,
at which sample spectra were observed. For these potential
step measurements, 500 interferometer scans were conducted
at each potential £ and were averaged to improve the S/N
ratio. Fig. 6 shows a series of spectra observed at various
potentials. The change of the spectra with potential was very
similar to that observed by the potential sweep method shown
in Fig. 4. Owing to the improved quality of the baseline,
however, we can notice a shift of the water band, (OH), from
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Fig.7 Comparison of the data observed by a potential sweep at 1 mV s ™!

and at steady-state (constant potential) in O, atmosphere humidified
by H,O. (A) Current vs. potential and (B) 1400 cm™' band area vs.
potential.

ca. 3400 to 3500 cm~' below 0.4 V. We have conducted
comparisons of the current—potential (/~E) curves and the
band intensity data, obtained by the potential sweep and
potential step methods. Fig. 7 presents results of the
comparison of the /~E data in (A) and the intensities of the
1403 cm ! band in (B). We can conclude a close agreement
between the data obtained by the two methods.

2.4 ATR-FTIR spectra observed with a D,O bubbler

The assignment of the 1403 cm ™' band described above is still
uncertain. The good correspondence between its band intensity
and the ORR current depicted in Fig. 5 and also Fig. 7
suggests that the species giving rise to the band is closely
associated with the ORR, i.e., either a reactant species or an
intermediate. We will discuss this issue in what follows.
Historically, several intermediate species of the ORR
have been proposed in association with the associative and
dissociative mechanisms of ORR,> ie., adsorbed 0,7
0,7,1213 0,H,'*?® OH and O.!° Of these intermediates,
adsorbed OH and O can be excluded, as the frequency,
1403 cm™!, is too high for vibrations associated with these
species (discussed later). The other three species, O,, Oy,
and O,H have O-O vibrations ranging from 1555 cm™'
(Raman, O,) to 1097 cm™' (O,7) and 1389, 1101 cm™'
(v, and vs, Ozl—l).27 The frequencies for O, and O,H were
determined by the matrix isolation method utilizing an inert
gas matrix, whereas the Raman active O-O frequency of O,
was determined in the gas phase.

Because it is difficult to predict the shifts of these frequencies
for species adsorbed on electrodes, we thought that it would be
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useful to know if the species associated with the 1403 cm ™!

vibration includes a hydrogen atom. This question can be
answered by examining the frequency shift upon changing
from H,O to D,O humidification. There would be no shift for
such species as adsorbed O, and O,", but we would expect a
red shift of ca. 16 cm ™! for the O,D species due to its increased
reduced mass compared to O,H.

In Fig. 8, we compare the spectra observed at 0.4 V with a
H,0 and D,O bubbler. The spectrum for D,O was referred to
the background spectrum acquired at 1.2 V after the replacement
from H,O to D,O had been completed. The replacement took
place in the electrolyte and the electrolyte/Pt interface by
counter-diffusion of H,O and D,O and by exchanging H™
with D™ formed by the electrochemical reactions given below
for ca. 1 h, as shown later.

D,O - 2D" + 2e¢ + 1/20, at the counter electrode
—SO;H + D" — —SO;D + H" in the electrolyte
2H" + 2¢ + 1/20, — H,O0 at the working electrode

2D" + 2¢ + 1/20, — D,O at the working electrode

We notice that the (OH) and 8(HOH) bands at 3380 and
1600 cm ™', respectively, observed with a H,O bubbler are
absent, and there is a new (OD) band at 2642 cm ™', whereas
the 1403 cm™! band has not shifted at all. These results clearly
indicate, firstly, that the water associated with the ORR was
produced from O, and D" ions in equilibrium with D,O
vapor supplied through the bubbler, and secondly, that the
species responsible for the 1403 cm™! band includes no
hydrogen atom.

In Fig. 9, we show the potential dependence of the
integrated intensities of the 1403 cm™' band and product
D0, and the CV observed under D,O humidification. The
result is very similar to that presented in Fig. 5 under H,O
humidification. However, the potential of the peak intensity of
the 1403 cm ™! band and the CV are shifted to lower potentials
than those observed for H,O humidification. This is due to the
slower kinetics of ORR on Pt in D,O and is a direct evidence
of the involvement of a proton in the rds, i.e., a proton-
coupled electron transfer process (PCET).*® This type of

1403

foor 24v]
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v(OH)
3380
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2642
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S(HOH)

V" co,

4000 3500 3000 2500 1800 1600 1400
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Fig. 8 Change of the spectra from H,O to D,O humidification at

0.4 V in O, atmosphere. The spectra are referenced to those obtained
at 1.2 V under H,O and D,0O humidification, respectively.

0.4 ~1-0.0
~ 034 s
! =]
g 0 2*.*;
0.2 9
g <
= £
= -~
g 0.1 ~
] F-0.4
0.0+
00 02 04 06 08 10 1.2

E/V vs. RHE

Fig. 9 Potential dependence of the intensities of the 1400 cm ™' and

D,O bands and the CV at 1 mV s~ ! observed under D,O humidification
in O, atmosphere.

process is consistent with the ORR mechanistic pathway for
Pt in acid proposed by Wang et al.?’ It is in contrast to results
for the ORR on Hg, in which the initial electron transfer step
exhibits no H/D effect.>® We should also mention that a recent
paper reported an H/D separation factor for the ORR in a
PEFC as a practical means of isotope separation.’'

We also should report that we have found another type of
water band during the H,O/D-O replacement experiment. We
followed the replacement process at 0.5 V for 1 h after
acquiring a background spectrum at 1.2 V. The time resolution
of the measurement was set at 2 min, during which 1080
interferograms were collected and averaged. Fig. 10 shows
the evolution of the spectra during this time. The initial
spectrum acquired at ¢ = 0 in O(H,O) has bands at 3440
and 1600 cm™! assigned to (OH) and 8(HOH) vibrations,
respectively, of the water associated with the ORR. After
switching to a D,O bubbler, these initial water bands are
absent by ca. 4 min, and we start seeing the development of a
new positive-going band at 2494 cm ™' and negative-going
ones around 32303373 and 1630 cm~'. The 2494 cm™' band
is assigned to the »(OD) vibration of D,O in the deuterated
Nafion® film,* but it should be noted that its intensity is
much higher than that of the initial (OH) band replaced. This
implies that the band contains a contribution of the D,O gain
in the Nafion® layer on Pt, in addition to the product D,O of
the ORR. Note that its peak frequency, 2494 cm ™! is 148 cm™!
lower, and the final intensity several times higher, respectively,
than those of the product D0, as seen in Fig. 8. The negative-
going water bands around 3230-3373 cm ™' and 1630 cm ™! can
then be ascribed to the (OH) and 8(HOH) vibrations of H,O,
originally present in the Nafion™ layer, that are replaced by
those associated with D,O. The §(HOH) frequency, 1630 cm ™',
is in agreement with that reported by Korzeniewski et al. for
a relatively dry condition, with an H,O/SO;™ ratio of
ca. 3.2 Therefore, we can conclude that the procedure to
change from H,O to D,O humidification presents a new
unique method to observe the absolute spectra of the water
in situ at the Pt/Nafion interface without referring to any
background states.

The lower {/OH) and (OD) and higher 6(HOH) frequencies
of H,O and D,O in the Nafion layer compared with those of
the water associated with ORR can probably be ascribed to
the different locations of the water. Naturally, the H,O or D,O
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Fig. 10 Change of the ATR-FTIR spectra during the H,O-to-D,0O
humidification change at 0.5 V. The spectra were acquired every 2 min
and referenced to that obtained at 1.2 V under H,O humidification.

produced by ORR is located closer to the Pt surface than the
water present in the Nafion layer. This interpretation is
supported by the potential dependent »(OH) and d(HOH)
frequencies of the product water, as depicted in Fig. 6.

We further examined the contribution of ORR current to
the rate of the H,O/D,O replacement. For this, the replacement
was monitored at 1.2 V, i.e., in the absence of ORR current,
when the bubbler was switched from D,O to H-O.
Fig. 11 shows the development of positive-going ©(OH) and
S(HOH) bands at 3230-3368 cm™"' and 1630 cm ™', respectively,
accompanied by the negative-going 1(OD) band at 2493 cm !
during the replacement of D,0 by H,O in the Nafion layer on
Pt. The H,O/D,O replacement in the presence and absence of
ORR current can be compared in a quantitative way by
monitoring the change of the 1630 cm™' band intensity with
time. The (OH) and 1(OD) bands are overlapped in opposite
directions, making it difficult to determine their individual
band intensities, whereas the S(HOH) band at 1630 cm™! is
not overlapped with the §(DOD) band to be located around
1200 cm™'. The latter band is not seen clearly, due to the
overlapping (CF,) band of the Nafion® backbone in this

region.
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Fig. 11 Change of the ATR-FTIR spectra during D,O-to-H,O
humidification change at 1.2 V in O, atmosphere. The spectra were
acquired every 2 min and referenced to that obtained at 1.2 V under
D,0O humidification.
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Fig. 12 Change of the band intensity of the water bending mode
(1630 cm ') band after switching the humidification from D,O to H,O
at 1.2 V and from H,O to D,O at 0.5 V in O, atmosphere.

Fig. 12 compares the intensities of the 1630 cm™' band at
1.2 Vand 0.5V, i.e., in the absence and presence of an ORR
current of —2 mA, during the H,O/D-O replacement experiments.
At 0.5V, the band intensity reaches a steady value within ca.
30 min, whereas the rate of the band intensity increase is
significantly lower at 1.2 V. The contribution of the ORR
current is clearly seen in the enhanced rate of H,O/D,O
replacement observed at 0.5 V. We estimated the time required
to replace all protons and H,O molecules in the NRE®
211 membrane (20 x 25 mm x 25 um) + cast Nafion® film
(20 x 25 mm x 0.1 pym) by the —2 mA ORR current. The
equivalent ion exchange capacity (0.89 meq/g) and density
(2 g em™3) of the Nafion were employed, resulting in ca. 18 min
to replace all protons by D ™. In addition to the protons, we
have to replace the water molecules in the membrane, the
latter being expected to vary with relative humidity. The
bubbler was operated at room temperature in the present
study, and accordingly, the humidity was low. Therefore, the
period of ca. 0.5 h required to replace H,O by D,O at 0.5 V is
in reasonable agreement with that estimated above.

Finally, we noticed that the spectra of the new water bands
observed at 0.5 and 1.2 V as a result of H,O/D->O replacement
were nearly identical to those shown in Fig. 10 and 11. The
bands appeared in opposite directions, due to the different
replacement procedures, but exhibited comparable band
intensities and nearly identical (OH), »(OD) and 8(HOH),
6(DOD) frequencies. The absence of potential dependence
suggests that most of the H,O and D,O contributing to the
spectra were not adsorbed at the Pt/Nafion interface but were
located in the bulk of the cast Nafion® film.

2.5 Comparison between N, and O, atmospheres

We then sought to establish whether or not the 1403 cm™!

band is specific to the ORR by conducting the ATR-FTIR
measurement under an N, atmosphere. For this experiment,
we employed an RHE by supplying humidified H, gas to the
reference electrode. In Fig. 13, we show the spectra observed at
0.675 V (RHE) under O, and N, atmospheres. For O,, we see
a clear band at 1400 cm™', whereas such a band is absent for
N,. The peak wavenumber, 1400 cm™', was lower than the
1403 cm™ ' observed in Fig. 4, but these values coincide within
the spectral resolution of 8 cm ™. We can conclude, therefore,
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Fig. 13 Comparison of the ATR-FTIR spectra observed at 0.675 V
under O, and N, atmospheres. The spectra are referenced to that
obtained at 1.1 V.

that the 1400-1403 cm ™' band observed under O, atmosphere
is associated with the ORR.

3. Discussion

3.1 Assignment of the 1403 cm™' band and mechanism of the
ORR

The 1403 cm ™' band exhibited no detectable frequency shift
upon changing from H,O to D,0 humidification, as shown in
Fig. 8. This implies that the species responsible for the band
contained no hydrogen. Thus, as the main possible candidates,
we have either O,(ads) or O, (ads) to be assigned to this
band. Yeager et al. proposed an ORR mechanism involving a
rate-determining one-electron reduction of O, to O, (ads)
for cases in which the Tafel slope is ca. 120 mV/decade at
25 °C. 3*3* However, the observed frequency, 1403 cm” L is
significantly higher than either the 1130 cm ™" or 1005-1016 cm ™
values reported by Baranton er al.'> and Shao er al.,'”
respectively, for the O, species as a major intermediate of
ORR on an iron phthalocyanine (a-FePc) catalyst and on Pt in
alkaline solution (pH = 11). It is known that dioxygen in
oxyhemoglobin and oxymyoglobin bonds to Fe(i) to form a
bent Fe—O—0O adduct and exhibits a £(O-0) frequency close to
1100 cm~'.3 The frequency is close to that typical for super-
oxide, which has been taken as an evidence of a substantial
transfer of electron density from the iron to the coordinated
0O,, giving rise to an Fe(1)-O,~ configuration. The ©(O-0)
frequency for O, on a-FePc!'® is consistent with those for
dioxygen in oxyhemoglobin and oxymyoglobin, as mentioned
above. This frequency, 1130 cm ™", is also very close to that of
superoxide ions produced by controlled potential electrolysis
in aprotic media, 1140 cm™"'.*® Shao et al.'? supported their
result by detecting a similar band around 1010-1018 cm™' on
Pt in O,-saturated acetonitrile, in which the O, species is
known to be stable. Their assignment of the band to a bridge-
bonded O,~, with two bonds to two Pt sites’”*® is somewhat
puzzling, since this orientation should be infrared-inactive,
according to the surface selection rule in IRAS* as well
as ATR-SEIRAS.* However, Gland er al. noted this
difficulty also for electron energy loss spectroscopy (EELS),
arguing that the Pt—O stretch (as part of the Pt—O, system)

mixes considerably with the O-O stretch, making the latter
observable.*!

Now, we will discuss the assignment of the 1403 cm ™! band
based on data obtained during the reverse scan, as well as
mechanistic considerations of the ORR. We have found that
the potential dependence of the 1403 cm ™! band intensity is a
key for its assignment. First, we analyzed the spectra observed
during the reverse scan for the experiment under O,
atmosphere with the use of the RHE. In Fig. 14, we present
the CV, (A), and potential dependence of the intensity of the
1400 cm ™! band, (B), observed during the forward (negative-
going) and reverse scans, denoted as NGS and RS, at I mV s~
between 1.1 V and 0.1 V under O, atmosphere. The CV and
the band intensities both exhibited hysteresis during the scans
to maintain higher ORR current and band intensity during the
reverse scan above ca. 0.75 V. The hysteresis in the CV is
probably due to the irreversibility of reduction/formation of Pt
surface oxides in NGS/RS, respectively, although it is not
severe in the present work, since the scan rate of 1 mV s lis
extremely slow compared to that in most published works. On
the other hand, the higher intensity of the 1400 cm™' band
above 0.75 V during the RS suggests that the adsorbed species
responsible for the band is stable up to 1.1 V at the sweep rate
of 1 mV s~!. For O, (ads), this potential would presumably be
too positive, and it would be expected to quickly oxidize on Pt
or to react with protons in the cast Nafion® film, which serves
as a strong acid. In fact, O, (ads) would not be expected to be
stable under any conditions examined in the present work. The
reversible potential for the O,/O,™ redox couple in aqueous
solution has a value of ca. —0.284 V vs. SHE;*® adsorption
could well modify this value somewhat, but we regard it

0.0
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Fig. 14 (A) CV observed at 1 mV s~' during negative-going and
reverse scans, denoted as NGS and RS, between 1.1 and 0.1 V under
O, atmosphere. (B) Potential dependence of the intensity of the
1400 cm ™! band observed simultaneously with the CVs in (A).
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unlikely that even the adsorbed state would be observable at
such high potentials.

To conclude the assignment of the 1400 cmm™! band, we
assign it to the O-O stretch of the O,(ads) based on (a) its
potential dependence and (b) its much higher frequency than
that known for superoxide. According to the surface selection
rule,***° the O-O vibration should have a component of the
dipole moment change perpendicular to the Pt surface. On this
basis, we propose the end-on, somewhat tilted orientation
of the adsorbed O, molecule on Pt, which was originally
proposed by Pauling*** for the iron—oxygen bond in
oxyhemoglobin. The observed red shift of the O-O stretching
frequency by 155 cm~' from that of O, in gas phase,
1555 cm™"',*" is interpreted in terms of a partial charge transfer
between adsorbed O, and Pt of a value less than unity. The
balance between electron donation from the O, 3o orbital to
an empty Pt 5d_» orbital and back-donation from Pt 5d,, or
5d,. orbitals to an antibonding ©* orbital of O, would lead to
weakening the O—O bond and thus lowering of its vibrational
frequency.

A Pauling-type adsorbed O, molecule, with a partial charge
of approximately —0.5, appears to be the simplest explanation
for the present experimental results. However, we are puzzled
by the fact that this vibrational frequency (ca. 1400 cm™') has
not been observed for the simple case of molecular O,
adsorption on well-defined platinum surfaces in any of the
surface science literature of which we are aware, including
EELS*'** and IRAS* studies of O, adsorption on Pt(111) in
ultrahigh vacuum. In those studies at relatively low temperature
(<100 K), the O, molecule has been proposed to be adsorbed
in two principal configurations, a superoxo-like, bridging
species with the O-O axis parallel to the Pt surface, with the
0-0 stretching frequency lowered considerably (850-873 cm™ 1)
from that for the neutral state (1555 cm™ '), corresponding to a
charge of —1 and an O-O bond order of 1.5, and a peroxo-like,
lying down but slightly tilted species, with an O-O stretching
frequency in the 680-703 cm ™' range, a bond order of 1.0 and
a charge of —2. Adsorbed oxygen atoms have been found to
exhibit a Pt-O stretching peak at ca. 490 cm~'.*"*** However,
we note that Steininger et al. reported an EELS peak at
1400 cm ™! for a case in which there was a high coverage of
adsorbed molecular oxygen that was partially converted to
atomic oxygen.** We intend to follow up this lead in subsequent
work, recognizing that the simultaneous presence of adsorbed
atomic oxygen can significantly affect the bonding of molecular
oxygen to the platinum surface.

Thus far, no theoretical study of which we are aware has
described any species that could lead to the observance of an
infrared peak at 1400 cm™'. One recent study, however, predicts
much smaller charge transfer to the superoxo and peroxo forms
of adsorbed O, molecule, as little as 0.08 ¢, compared to that
previously thought, but still with typical O—O stretching modes,
ie., 913 and 826 cm !, respectively, for the gas—solid inter-
face.*® Another recent study*’ has modeled the adsorption of
O, on Pt(111) in the presence of water molecules and an applied
potential, which could be expected to modify the adsorption
mode, but found a bridging superoxo-like species to be the most
stable, with an O-O stretching mode at 832 cm ™!, similar to
that found experimentally for UHV.

Based on the assignment given above, we interpret the
potential dependence of the 1400 cm™! band during the
negative going scan as follows. The Pt surface is partially
covered by O(ads) and OH(ads)'® at the starting potential,
1.1 V, at which O, adsorption is limited. As the potential is
lowered, however, O(ads) and OH(ads) are electrochemically
reduced, decreasing their coverages, enhancing O, adsorption
and leading to an increase of O,(ads) coverage. The ORR is
promoted by the increase of O,(ads), which dissociates to
O(ads), the latter being the intermediate we have proposed for
the rds of ORR, i.e., O(ads) + H" + ¢~ — OH(ads).'®

Thus, the band intensity change can be explained by taking
into account the two different types of O(ads) on Pt, each with
its own potential dependence, i.e., one produced by Pt surface
oxidation above ca. 0.7 V and the other by adsorption/
dissociation of O,, which is enhanced as the surface oxides
are reduced below ca. 1.0 V. The O(ads) produced by O,
adsorption/dissociation is the rate limiting reactant of the rds,
O(ads) + H" + e~ = OH(ads), preceded by the O, adsorption/
dissociation steps, which are in pre-equilibrium. In the limiting
current region, the rds is shifted to the step of O, diffusion,
resulting in the lowered O, (ads) concentration, due to the
insufficient diffusion rate. Therefore, the proposed coverage
of O,(ads), and the intensity of the 1400 cm~!' band,
should exhibit a peak at a potential before the limiting
diffusion current region. In fact, this is depicted clearly in
Fig. 5 and 14.

4. Conclusion

An infrared band was observed at 1400-1403 cm™' under
humidified oxygen atmosphere in close association with ORR
current at the Pt/Nafion interface. Its absence in N, atmosphere
and insensitivity to the change from H,O to D,O humidification
suggests an assignment of the band to the O—O vibration of
O,(ads). This is the simplest model that could fit the present
experimental observations. In subsequent work, we are
examining in more detail the interactions between adsorbed
molecular oxygen and other adsorbed species such as O(ads)
and OH(ads).

The intensity of the band exhibits a peak with increasing
ORR current but decreases sharply in the limiting diffusion
current region. Such a potential dependence is well explained
by an ORR mechanism in which the step to produce O,(ads) is
in equilibrium, i.e., O,(surface)=—0,(ads); the coverage of the
latter increases as the surface oxygen species, O(ads) and
OH(ads), originally present at 1.1 V are electrochemically
reduced at the lower potentials. The band intensity reaches
zero when the surface concentration of O, becomes negligible
under the diffusion-limited conditions.
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