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Abstract The adsorption of hydroxide (OHad) on Pt has been
studied on the low index planes of Pt using infrared reflection
absorption spectroscopy (IRAS) in electrochemical environ-
ments. We discuss the correlation between the integrated band
intensity of the bending mode of OH of Pt–OH (δPtOH) and the
charge density of the oxide formation of Pt. The band of δPtOH
is observed around 1100 cm−1, and the onset potential depends
on the surface structure. The onset potential of δPtOH on Pt(110)
and Pt(100) overlaps with the hydrogen adsorption/desorption
potential region. The order of the integrated band intensity of
δPtOH at 0.9 V vs RHE is opposite to the order of the oxygen
reduction reaction (ORR) activity. This finding supports that
the OHad is one of the species deactivating the ORR.
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Introduction

Polymer electrolyte fuel cells (PEFCs) are expected to be
useful power generation systems and automotive power
sources because the efficiency of energy conversion is high.
However, there are many issues related to use of the PEFCs

that must be solved for the wide application. One major issue
is the reduction of Pt loading in the catalysts because of the
high cost and the limited natural resources of Pt. Enhancement
of the activity for the oxygen reduction reaction (ORR) is the
most important subjects for the reduction of Pt loading.

Previous papers show that Pt oxides are one of the blocking
species of the ORR on Pt electrodes [1, 2]. Therefore, enhance-
ment of the tolerance to the oxide formation is expected to
enhance the ORR activity. Surface oxidation of Pt electrodes
has been studied using single-crystal electrodes. Pt oxides on
Pt(100) and Pt(110) are formed at more negative potentials than
those on Pt(111) [3, 4]. Studies using chronoamperometry and
voltammetry suggest that adsorbed hydroxide (OHad) on
Pt(111) is formed from the dissociation of water and the PtOHad

is oxidized to PtO at higher potentials [5, 6]. On formation of Pt
oxide has been studied using spectroscopic methods under
ultrahigh vacuum (UHV) [4, 7–12].

There is no guarantee that Pt oxides prepared in UHV are
reproduced in electrochemical environments, because the ex-
perimental conditions (pressure, temperature, hydration state,
and potential) differ remarkably. Therefore, direct observation
of Pt oxides is necessary to understand the oxidation process
in electrochemical environments.

We recently reported OH adsorbed on Pt(111) in alkaline
electrolyte using improved infrared reflection absorption spec-
troscopy (IRAS) [13]. In this paper, the adsorption process of
hydroxide (OHad) has been studied on the low index planes of
Pt in acid electrolyte using this method. The onset potential of
OHad formation depends on the surface structures. We discuss
the influence of OHad on the ORR activity.

Experimental

A single crystal bead of Pt was prepared from Pt wire (1 mm
φ, 99.99 %, Tanaka Kikinzoku Kogyo) in reference to
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previous reports [14, 15]. Larger surface area is necessary for
the measurement of IRAS spectra with a good signal to noise
ratio. We melted the lower half of the bead with an H2/O2

flame, added platinum melt from another wire little by little,
and finally obtained a large-single crystal in teardrop shape
with a cross-sectional area between 0.27 and 0.40 cm2 [15].
The crystal was oriented using the reflection beam of He–Ne
laser from (111) and (100) facets on the bead [15]. Polished Pt
single crystal was annealed in H2/O2 flame and cooled in Ar/
H2 atmosphere for obtaining atomically flat surface. The
annealed surface was protected with ultrapure water and
transferred to the electrochemical cell for each measurement.

Cyclic voltammograms were measured in Ar-saturated
0.5 M H2SO4 to confirm the crystal orientation. IRAS
spectra were measured in 0.1 M HF instead of HClO4

because F− is invisible in IR light. ClO4
− has an absorption

band around 1100 cm−1 that will overlap with the band of
OH bending mode of Pt–OHad. HF solution was prepared
with 48.0 % HF (Ultrapur, Kanto Kagaku) and ultrapure
water. Cyclic voltammograms in HF are identical with those
in HClO4 [4]. The IR light was incident through a BaF2
prism beveled at 60°. IRAS electrochemical cell was at-
tached to FTIR spectrometer (Bruker Vertex) with a liquid-
nitrogen-cooled mercury cadmium telluride (MCT) detector.
The prism was covered with a polypropylene thin film
(Chemplex Industries) to prevent the dissolution of BaF2
window. The dissolution of Ba causes the formation of
BaOH. The interaction of Ba2+ with OH perturbs vibrational
state of adsorbed OH [13]. Water was intercalated into the
airspace between the polymer thin film and the prism to
compensate for the difference in refractive index [13]. Since
the thickness of the electrolyte layer between the electrode
and the film is a few micrometers, this thin film does not
affect the interfacial environment between the electrolyte
and electrode. A 1600-cm−1 low-pass filter was used for
the measurement of OHad. The spectra were collected with
p-polarized light at a resolution of 4 cm−1 and were aver-
aged over 1280 scans using subtractively normalized inter-
facial FTIR spectroscopy (SNIFTIRS). The reference

potential was 0.10 V vs RHE, whereas sample potential
was changed between 0.20 and 1.20 V vs RHE.

Results and Discussion

Voltammograms of the low index planes of Pt were measured
in Ar-saturated 0.5MH2SO4 to confirm the crystal orientation
(Fig. 1). The voltammograms were identical with those re-
ported previously [14, 16–19]. Voltammogram of Pt(111)
shows sharp redox peaks at 0.47 V, which are assigned to
order/disorder phase transition of adsorbed sulfate anion. The
adsorption of sulfate anion on Pt(100) and Pt(110) is concur-
rent with the desorption of HUPD at 0.37 and 0.15 V, respec-
tively [20]. Figure 2 shows voltammograms of the low index
planes of Pt in 0.1 M HF. These voltammograms are not
symmetrical because the surfaces are roughened by sweeping
potential up to 1.2 V. This roughening causes cathodic peak
around 0.25 V in the voltammogram of Pt(111) according to
the report by Berna et al. [21]. Voltammograms between 0.05
and 0.8 V (not shown here) give no peak derived from the
species of glass dissolution and chloride ion contamination.
Voltammogram of Pt(111) gives sharp redox peaks at 0.8 V,
which are assigned to adsorption/desorption of OH. There has
been, however, no direct evidence of PtOH formation in
electrochemical environments using insitu methods. We try
to observe PtOH band directly using IRAS.

The anodic and cathodic peaks above 0.6 V are related to
the formation and reduction of Pt oxides, respectively. The
onset potentials of the oxide film formation on Pt(111),
Pt(100), and Pt(110) are 0.6, 0.5, and 0.8 V, respectively.

Figure 3 shows the potential dependence of IRAS spectra
on the low index planes of Pt. IRAS spectra give a monopolar
band around 1100 cm−1 on all the electrodes. A previous
EELS study reported that PtOH bending mode (δPtOH) of
OHad on Pt(111) appears around 1015 cm−1 [7]. In aqueous
solution, the δPtOH band shifts to a higher frequency due to the
formation of hydrogen bonding between hydrated water and
OHad [13]. In deuterated water, this band is not observed

Fig. 1 Cyclic voltammograms in 0.5 M H2SO4 with 50 mV s−1 of a Pt(111), b Pt(100), and c Pt(110)
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above 900 cm−1 due to the isotope shift [13]. Therefore, the
bands around 1100 cm−1 can be assigned to the δPtOH of OHad

on Pt. The increase of the band intensity indicates the increase
of the coverage of OHad at positive potentials. The full width
at half maximum of the band on Pt(100) is wider than that on
Pt(111). On Pt(110), the band is split at negative potentials.
This structural effect on OHad is caused by the structural
difference of adsorbed layer. In UHV condition, coadsorbed
layer of H2O + OH on Pt(111) forms well-ordered structure
due to stable hydrogen bonding configuration [10]. On the
other hand, the surface symmetries of Pt(100) (fourfold

symmetry) and Pt(110) (twofold symmetry) do not fit well
with those of the two-dimensional hydrogen bonding network
of H2O + OH layer. The inhomogeneous hydrogen bonding in
H2O + OH layer may result in the band splitting and broad-
ening. The spectra above 1300 cm−1 are not shown because
the absorption of polypropylene film is too strong.

Figure 4 shows the correlation between the integrated band
intensity of δPtOH and the charge of the Pt oxide formation in
the voltammogram of Pt(111). The integrated band intensity
was estimated by the subtraction of a linear baseline between
950 and 1150 cm−1. The onset potential of δPtOH band is
0.50 V, which is lower than that of the anodic current in the
oxide film formation region of the voltammogram. The onset
potential of δPtOH on Pt(100) and Pt(110) overlaps with the
hydrogen adsorption/desorption potential region as described
below, whereas the onset potential of δPtOH on Pt(111) does
not overlap with the hydrogen adsorption/desorption potential
region. Gibbs thermodynamics study by Garcia-Areaz et al.
suggests that the OH on Pt(111) is adsorbed in the double-
layer region [22]. XPS study by Wakisaka et al. showed that
the onset potential of OH on the low index planes of Pt is

Fig. 2 Cyclic voltammograms in 0.5 M HF with 50 mV s−1 of a Pt(111), b Pt(100), and c Pt(110)

Fig. 3 Potential dependence of IRAS spectra of the low index planes of
Pt in 0.1 M HF saturated with Ar. Reference spectra are collected at
0.10 V vs RHE

Fig. 4 Correlation between the integrated intensity of δPtOH (square) and
the charge of the Pt oxide formation in cyclic voltammogram of Pt(111)
(diamond)
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higher than 0.6 V [9]. This difference between thermodynam-
ics study and XPS study is shown because XPS was measured
in UHV condition. In acid solution, OHad is produced on Pt
electrodes as follows [9]:

Pt þ H2O→ PtOHad þ Hþ þ e− ð1Þ

Figure 5 shows the correlation between the integrated band
intensity of δPtOH and the charge of the Pt oxide formation in
the cyclic voltammogram of Pt(100). The onset potential of
the Pt oxidation charge is 0.5 V, while the band of δPtOH
appears above 0.3 V. The onset potential of the band on
Pt(100) is lower than that of Pt(111). The redox peaks are
observed around 0.3 V on Pt(100), as shown in Fig. 2. They
are assigned to the peaks due to hydrogen adsorption/
desorption reactions. However, the onset potential of δPtOH
band locates in the hydrogen adsorption/desorption region of
the voltammogram. This result supports the reports by Garcia-
Areaz et al. [22], Gomez et al. [5, 6], and Wakisaka et al. [4]:
the OH adsorption potential on Pt(100) overlaps with the
hydrogen adsorption/desorption potential, and the redox
peaks around 0.3 V include the faradaic current of PtOH
formation. Although the charge of Pt oxidation increases
steeply above 0.6 V, the integrated band intensity of δPtOH
increases linearly above 0.8 V in Fig. 4. These results indicate
that the formation of the oxide species with higher oxidation
number such as PtO dominates the oxidation charge above
0.8 V.

Figure 6 shows the correlation between the integrated band
intensity of δPtOH and the charge of the Pt oxide formation on
Pt(110). The voltammogram shows that Pt oxides are formed
above 0.8 V, while the band of δPtOH appears above 0.2 V. OH

adsorption potential overlaps with that of the hydrogen ad-
sorption/desorption, as is the case of Pt(100).

Figure 7 shows the potential dependence of the integrated
band intensity of δPtOH on Pt(111), Pt(100), and Pt(110). IRAS
measurements of each surface orientation were carried out
three times using different size of electrodes. The band inten-
sity at each potential was reproduced within the error of 25 %.
The absorbance of spectroscopic measurements is proportion-
al to absorption coefficient, optical path length, and concen-
tration according to the Lambert-Beer’s low. In IRAS mea-
surement, the band intensity also depends on the incident
angle of IR light and the orientation of adsorbed species. Since
neither water nor HF absorbs IR light around 1100 cm−1,
thickness of a thin layer between electrode and prism does
not affect the band intensity of OHad at a constant incidence
angle. DFT calculations predict the most stable structure of

Fig. 5 Correlation between the integrated intensity of δPtOH (square) and
the charge of the Pt oxide formation in cyclic voltammogram (diamond)
of Pt(100)

Fig. 6 Correlation between the integrated intensity of δPtOH (square) and
the charge of the Pt oxide formation in cyclic voltammogram (diamond)
of Pt(110)

Fig. 7 Potential dependence of the integrated band intensity of δPtOH on
the low index planes of Pt in 0.1 M HF
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OHad that is adsorbed at the Pt atop site with Pt–O axis
perpendicular to surface. Therefore, the band intensity of δ-

PtOH measured at the same cell geometry will be proportional
to the coverage of OHad. The onset potential of δPtOH band
depends on surface structure: Pt(110)<Pt(100)<Pt(111). Pt–
OHad is formed in the hydrogen adsorption/desorption region
on the Pt(100) and Pt(110). The integrated band intensity of
δPtOH on Pt(100) is the largest at all the potentials, whereas
the integrated intensity on Pt(110) is the smallest above 0.7 V.

Platinum oxides affect the ORR activity [1, 2]. The ORR
activity is estimated by a kinetic current density at 0.9 V vs
RHE in many papers. The ORR activity increases as Pt(111)<
Pt(100)<Pt(110) in 0.1 M H2SO4 and Pt(100)<Pt(111)<
Pt(110) in 0.1 M HClO4 [23–25]. The low activity of
Pt(111) in H2SO4 is due to strongly adsorbed (bi)sulfate
anions [20]. In our IRAS measurement, 0.1 M HF was used
as an electrolyte, since F− is not adsorbed on Pt electrodes.
Voltammograms of Pt single-crystal electrodes in HF are
similar to those in HClO4 [4, 23–25]. Therefore, we can
correlate the ORR activity in 0.1 M HClO4 with the δPtOH
band intensity in 0.1 M HF. Integrated band intensity of δPtOH
at 0.9 V is as follows: Pt(110)<Pt(111)<Pt(100). This order is
opposite to that of the ORR activity.

The ORR activity depends on the geometrical and electronic
structure of substrate. There are many deactivation factors of
the ORR, such as surface oxidation, impurities, adsorbed anion,
and so on. The results above show that the formation of OHad is
one of the deactivation factors of the ORR.

Conclusions

OH bending mode of Pt–OHad (δPtOH) has been detected on
the low index planes of Pt in 0.1 M HF using in situ IRAS
measurement. The onset potential of δPtOH gets higher as
Pt(110)<Pt(100)<Pt(111). Pt–OHad is formed in the adsorbed
hydrogen region on Pt(100) and Pt(110). The integrated band
intensity of δPtOH increases at 0.9 V vs RHE as follows:
Pt(110)<Pt(111)<Pt(100). This order is opposite to that of
the ORR activity, indicating that Pt–OHad is one of the deac-
tivation factors of the ORR.
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