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The hydrogen oxidation reaction (HOR) is of central
importance in electrochemistry and plays a pivotal role in
low-emission energy conversion devices such as for stationary
and portable applications.'™ Despite its importance, a
detailed knowledge of the mechanism of its electrocatalytic
performance has been lacking so far. Recently, there have
been studies concerning the correlation between the elec-
tronic structure and catalytic activity of metals for the
HOR."* The absorption energy of hydrogen is proportional
to the hydrogen—metal bond strength and relative level of the
position of the d-band center, the density of states, or the d-
band vacancy at the Fermi level.’”) Although these factors are
pivotal for the kinetics of the HOR, direct experimental
inspection of the contributions of these factors has rarely been
investigated in electrochemical oxidation of hydrogen.
There are more than enough signs that Pd catalysts have
many of the desired electrocatalytic properties for the HOR/
hydrogen evolution reaction (HER), since the electron
transfer from the Pd surface into the antibonding orbital of
the hydrogen molecule plays an important role in breaking
the hydrogen bonds, and this process lowers the associated
activation energy.["® It was proposed that the major factor
involved in the catalytic activity is the electronic structure of
the transition metal.’! More recently, Pandelov and Stimming
found enhancement of the HER on Pd/Au(111) electrode
surfaces." This result allowed us to determine critical
ensembles for hydrogen adsorption and evolution on Pd/
Au(111) electrode surfaces, which show distinct differences in
their chemical properties relative to bulk Au(111) or Pd
monolayer-covered Au(111) electrodes. The enhanced hydro-
gen evolution was explained by the coverage effect and
proton spillover effect. Markovi¢ etal. first reported an
enhanced HOR/HER at an epitaxial Pd layer on a Pt(111)
electrode by elucidating the energetic effect and surface
defects."! However, there was not enough evidence to
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manifest these phenomenological correlations between the
physical-chemical properties and the catalytic activity.
Herein, we investigated the oxidation of hydrogen at PtPd
alloy electrodes of various compositions compared with that
obtained at a pure Pt electrode by using an insitu X-ray
absorption near-edge structure (XANES) system for con-
ducting gas-phase experiments to analyze the electronic
states. We focused on the electronic structures of the PtPd
alloys in a hydrogen ambient for the HOR. To clarify these
effects, we introduced a correlation between the d-band
vacancies of Pt induced by its alloying to form PtPdH, and the
HOR activity. The results unambiguously indicate that PdH,
(Pd spontaneously adsorbed hydrogen gas) causes the elec-
tronic structure of Pt to be favorable for the HOR.
Mass-transfer-corrected Tafel plots of the PtPd alloy
electrodes are shown in Figure 1. The slope of the Tafel plot is
useful to obtain mechanistic information about the HOR."-'?
The mechanism for the HOR on a polycrystalline Pt electrode
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Figure 1. Mass-transfer-corrected Tafel plots for hydrogen oxidation on
PtPd alloy electrodes with various compositions in a solution of 0.5m
H,SO,. These plots were obtained from Figure S1 in the Supporting
Information.

in aqueous electrolyte is considered. This process is usually
assumed to proceed by the initial adsorption of hydrogen.
This involves an electrochemical adsorption step, in which
hydrogen molecule is dissociated (rate-determining step,
RDS), followed by an adsorbed hydrogen atom discharge
step (fast charge-transfer step), as described in Equations (1)-

3).

H, — H,, + H,q (Tafel) 1)
H, - H" + H,, + e~ (Heyrovsky) (2)
H, =2H" +2e¢ (Volmer) (3)
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In the potential range 0.05 V> E > 0.2V, the Tafel slopes
for the PtPd alloy electrodes were approximately 30 mV per
decade (Table S1 in the Supporting Information), which is
coincident with that (28 mV per decade) of Pt reported by
Markovié et al.'® From these results it is reasonable to
propose that the HOR takes place on PtPd by the Tafel-
Volmer (or Heyrovsky—Volmer) mechanism. Although a
number of open questions still remain with regard to the
RDS of the electrochemical oxidation of hydrogen in the
electrolyte solution, this result indicates that the RDS on the
PtPd alloy electrodes is the same as that on a pure Pt
electrode.

Figure 2 shows the Arrhenius plots (log(i,) versus 1/T) for
the PtPd alloy electrodes. These plots yield straight lines with
the slope equal to —FE,/(2.3 R). The HOR activation energy on
Pt,,Pd,; was much higher than that on Pt. A significant
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Figure 2. Arrhenius plots of the exchange current densities (ip) for the
PtPd alloy electrodes with various compositions. The activation energy
was calculated from the slope, which is equal to —E,/(2.3R).

increase in the kinetic activation energy of the HOR was also
observed when the temperature was increased, and the lowest
activation energy (9.90 kJ mol ') was observed on the Pt,,Pd,g
electrode along with a much smaller temperature effect. The
Pt,,Pd,, and Pt electrodes exhibited the highest activation
energies of 19.8 and 22.0 kimol' along with much larger
temperature effects than those of Pt;,Pd,; and PtgPd,,,
respectively. The activation energies of the Pt,Pd,, and Pt
electrodes are nearly twice that of Pt;,Pdy, so it is clear that
the activation energy plays an important role in the HOR
performance on these materials.

The volcano curve trend in the relationship between the
exchange current density and the degree of alloying
(Figure 3) indicates that two factors (electronic effect and
lattice effect) may influence the alloying effect. First of all, the
mechanism for hydrogen intercalation on a Pd electrode in
aqueous electrolyte is considered. Hydrogen is a chemically
(or electrochemically) reactive gas that adsorbs dissociatively
on the Pd surface. Owing to its small size and lower cohesive
energy on Pd than on Pt (Pt (564kJmol')>Pd
(376 kJmol ™))" hydrogen can intercalate on a Pd surface
and this can lead to strong perturbations of the electronic
structure of the Pd surface, which results only in the
relaxation of the surface lattice. The absorption of hydrogen
on a Pd electrode also leads to modification of the electronic
structure of Pd: hydrogen induces electron states below the
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Figure 3. Relationship between the exchange current density and the
degree of alloying of PtPd. The exchange current density was measured
from the Tafel plots obtained in a solution of 0.5m H,SO,, and the
activation energies were calculated from the Arrhenius plots (see
Figure 2).

Fermi level and the d-band width is reduced; the d band
decreases relative to the Fermi level as the hydrogen
concentration increases, which results in a drastic reduction
of the density of states (DOS) near the Fermi level.l
Therefore, Pd undergoes surface reconstruction, which leads
to the absorption of hydrogen into its bulk structure.
Figure S2 in the Supporting Information shows a reconstruc-
tion of the Pd surface and bulk; the transition state is a
mixture of o and ( phases. The a phase is formed at a low
hydrogen gas pressure and the 3 phase is formed at a high
hydrogen gas pressure at potentials near the equilibrium
potential by an exothermic reaction. The lattice expansion of
Pt;,Pd,sH, was observed by measuring the XRD patterns with
and without hydrogen (Figure S3 in the Supporting Informa-
tion). Also, the presence of hydrogen intercalation on the
Pt;,Pd,; electrode in 0.5m H,SO, electrolyte is shown in
Figure S4 in the Supporting Information. Bennet and
Gelatt Jr. observed a decrease in the number of unoccupied
Pd 4d states in Pd-absorbed hydrogen and narrowing of the d-
band width caused by the lattice expansion and modification
of the electronic structure." This result shows that the
relationship between the HOR and the electronic structure of
Pt is affected by PdH,, assuming that the HOR occurs mainly
on the Pt surface, since the exchange current density of pure
Pt is higher than that of pure Pd for the HOR in the low
overpotential region.

We measured the Pt Ly; and L;; edges using an in situ
XANES cell for gas-phase experiments to confirm that the
relationship between the HOR and the electronic structure of
Pt is affected by the content of hydrogen in PdH,. One
significant aspect of XANES analysis is that it can provide
important information on the Pt d-band vacancy. The d-band
vacancy is derived from analysis of the Pt L;; and L;; white
lines. The L;; and L;; edges are due to the excitation of the
2p., and 2ps, electrons, respectively. These electrons can
undergo transitions to empty states in the vicinity of the Fermi
level. Since the dipole selection rules in the XANES region
restrict the transition to L =1 and J=0, 1 (where L and J are
the orbital angular and total angular quantum numbers,
respectively), the transitions to the d orbitals are strongly
favored.!'®l For Pt, it has been shown that the final states with
J=5/2 contribute 14 times more than those with J=3/2. The
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L,y transition (2ps, to 5dsp,) is thus more highly favored,"” by
the selection rules, than the Lj; transition (2ps, to 5ds,). The
intensity of the L;; peaks and to a lesser extent the L;; peaks
increases with increasing Pt d-band vacancy.

In general, for hydrogen dissociation, the strong binding
of hydrogen would be thought to imply a low hydrogen
activation energy barrier.™®! When hydrogen is absorbed onto
a Pt metal surface, the o (bonding) electrons of hydrogen
form a coordinate covalent bond, which is shared with the Pt
d-band vacancy. At the same time, the Pt d-band orbital lobes
overlap the empty hydrogen o* (antibonding) orbital to
undergo back bonding, which strengthens the adsorptive
bond between Pt and the head hydrogen atom and weakens
the bond between the two hydrogen atoms. Then how is the d-
band vacancy related to the adsorptive bond strength of
hydrogen? The large vacancy of the Pt d band means that the
DOS of Pt is pushed from below the Fermi level to just above
the metal Pt valence band, which narrows the d-band width
and shifts the d-band center upwards in energy towards the
Fermi level, as shown in Figure 4. Greeley et al. showed the

H . Pt . Pd
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PtPd alloy
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d-band center

Figure 4. Schematic explanation of the PtPdH, alloying effect on the
d-band state of Pt.

correlation of the d-band states (d-band center) and the free
energy of hydrogen adsorption (adsorptive bond strength of
hydrogen), and concluded that the upshift of the d-band
center leads to a decrease of the hydrogen absorption
energy.”! These concepts are also consistent with those of
Ngrskov and co-workers who elucidated the coupling
between bandwidth and d-band center for the near surface
alloys.'”! Therefore, this supposes that larger vacancy of the Pt
d band results in stronger adsorptive bond strength of hydro-
gen.

Figure S5 in the Supporting Information shows the in situ
XANES spectra with or without hydrogen on the PtPd alloy
electrodes, which were used for calculating the number of d-
band vacancies from the Pt L;;; and L;; edge spectra. The peak
intensity of the Pt Lj; and L;; edge XANES spectra with
hydrogen was shown to be more sensitive to the unoccupied d
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state than that of the spectra without hydrogen. Since the
electronegativity of Pt (2.28) is roughly the same as that of Pd
(2.20), no significant charge transfer is to be expected and,
hence, the change in the number of d-band vacancies of Pt
without hydrogen should be small. In contrast, after charging
with hydrogen, the DOS of Pt was significantly modified by
the Pd-adsorbed hydrogen.

Figure S6 in the Supporting Information shows the
calculations of the d-band vacancy of Pt as a function of the
degree of alloying. From the difference in the areas under the
Pt L;; and L;; absorption edges between the sample (pure Pt
and PtPd alloys) and a Pt reference foil, the fractional change
in the number of d-band vacancies relative to the reference
material (f;) was estimated.” This technique therefore
constitutes a new way of examining the role of the alloying
element in Pt alloys in the d-band vacancy of Pt and, hence, is
used in this investigation to elucidate the differences in the
degree of electrocatalysis on the Pt versus PtPd alloy electro-
catalysts. The number of d-band vacancies of Pt in air ambient
decreases as the percentage of Pd increases (Figure S6a), and
the number of d-band vacancies of Pt in hydrogen ambient
increases as the percentage of Pd increases (Figure S6b). This
result means that the d-band width of Pt is increased by the d—
d hybridization of Pt and Pd in air ambient and that the d-
band center of Pt is downshifted. In contrast, the d-band
width of Pt is decreased by the hydrogenation of Pd and the d-
band center of Pt is upshifted. These concepts are consistent
with those of Ngrskov et al. who also elucidated the coupling
between the d-band width and d-band center for near surface
alloys.[®>¢]

The measurement of the d-band vacancies allows us to
correlate directly the catalytic activity for the HOR. As
shown in Figure 5, the d-band vacancies of Pt versus the
exchange current density exhibits a volcano curve. This result
means that the activity of the HOR is given by the strength of
the hydrogen-Pt bond interaction, which depends on the
position of the Pt d-band states relative to the Fermi level.
However, if the number of d-band vacancies of Pt becomes
too high, the hydrogen oxidation currents decrease, owing to
the stronger adsorptive bond strength of hydrogen, which
increases the desorption energy barrier in the charge-transfer
step (Volmer reaction). This situation leads to a maximum in
the catalytic activity when the ability of the PtPd alloy to bind
hydrogen is not too weak and not too strong.
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Figure 5. Correlation between exchange current density and d-band
vacancies from the in situ XANES data measured after charging with
hydrogen.
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In conclusion, we found that significant electrocatalysis
occurred for the HOR at the PtPd alloy electrodes to an
extent that depends on the alloy composition and revealed the
principal role of the electronic effect of PtPd alloys in the
HOR. We demonstrated that the relationship between the
exchange current density and the degree of PtPd alloying
exhibits a volcano-shaped trend and that, at the same
temperature, the maximum exchange current density for the
hydrogen oxidation is obtained at Pt;,Pd,s, which is similar to
the trend of the activation energies. We also showed that there
is a relationship between the number of d-band vacancies of
Pt on the PtPdH, alloy electrodes as a function of the degree
of alloying and the activity of the HOR. Our results imply that
the high performance of the PtPdH, catalyst for the HOR
relies heavily on the electronic structure of Pt caused by
hydrogen gas spontaneously adsorbed on Pd in the electro-
catalytic process.

Experimental Section

PtPd alloy electrodes were grown by using an RF magnetron co-
sputtering system consisted of a dual sputtering gun.*!! Si(100) and
glassy carbon were used as substrates to characterize the structural
and electrochemical properties, respectively. Co-sputtering was
performed under an inert Ar gas at a flow rate of 26 sccm at room
temperature for 10 min, which produced films about 100 nm thick. To
fabricate the PtPd thin film electrodes with various compositions, the
guns with the metal targets in the RF magnetron sputtering system
were controlled as a function of the RF power. With increasing RF
power of the Pd target gun at a fixed RF power of the Pt gun, the Pd
concentration was varied from 0 to 52.2%. A pure Pt electrode was
also produced. X-ray diffraction (XRD) (MAC Science M18XHF-
SRA equipped with a Cug, source at 30 kV-30 mA) analyses of the
as-prepared electrodes were used to determine the degree of
crystallinity. To analyze and compare the surface chemical states of
the samples, X-ray photoelectron spectroscopy (XPS) was carried out
by using a KARATOS (AXIS 165) instrument. The binding energies
of Pt and Pd were calibrated with respect to the binding energy of the
carbon 1s orbital. The X-ray source was Al Ko with an excitation
energy of 1486.6 eV operating at 160 kV/150 W and the base pressure
was 1x 107’ Torr. The Pt Ly; edge and Pt L;; edge X-ray absorption
spectra were recorded on the 7C beam line at the Pohang Light
Source (PLS) with a ring current of 120-170 mA at 2.5 GeV.

An AutoLab PGSTAT20 potentiostat and rotating disk electrode
(RDE) system (Ecochemie) with a conventional three-electrode
configuration were used for all of the electrochemical measurements.
All of the electrochemical measurements, except for the HOR with
the RDE configuration, were performed in Ar-purged 0.5M sulfuric
acid solution. For the HOR experiment, 99.99 % hydrogen gas was
bubbled into the electrolyte for 10 min before each measurement. A
catalyst-coated glassy carbon electrode with a diameter of 5 mm was
used as the working electrode. Before each measurement, the glassy
carbon electrode was polished with 0.05 um alumina paste and
washed with deionized water in an ultrasonic bath. A saturated
calomel electrode (SCE) with 3m KCl (Gamry) and glassy carbon rod
were used as the reference and counter electrodes, respectively.
However, in this paper, all of the potentials were reported with
respect to the NHE.
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