
Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Hydrogen adsorption and absorption on a Pd-Ag alloy surface studied using
in-situ X-ray photoelectron spectroscopy under ultrahigh vacuum and
ambient pressure

Jiayi Tanga, Susumu Yamamotoa, Takanori Koitayab,c, Yuki Yoshikuraa, Kozo Mukaia,
Shinya Yoshimotoa, Iwao Matsudaa,⁎, Jun Yoshinobua,⁎

a The Institute for Solid State Physics, The University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8581, Japan
bGraduate School of Arts and Sciences, The University of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo 153-8902, Japan
c PRESTO, Japan Science and Technology Agency (JST), 4-1-8, Honcho, Kawaguchi, Saitama 332-0012, Japan

A R T I C L E I N F O

Keywords:
PdAg alloy
Hydrogen
Adsorption
Absorption
Ambient-pressure
X-ray photoelectron spectroscopy

A B S T R A C T

The hydrogen permeation process is crucial for hydrogen purification through a metal alloy. At the initial stage,
it is connected with the dissociation and adsorption of hydrogen on the surface; subsequently, the process in-
volves hydrogen absorption in the bulk. On the PdAg23 alloy, we investigated the mechanisms of adsorption and
absorption by in-situ ultrahigh vacuum and ambient pressure X-ray photoelectron spectroscopy (AP-XPS) mea-
surements, respectively. During the adsorption under a H2 pressure of 5×10−8 Torr at 300–620 K, the surface
Ag atoms act as adsorption sites for the hydrogen atoms. The AP-XPS results show that hydrogen absorption is
significantly enhanced above 473 K under H2 exposure at 1.5 Torr, which is likely correlated to the α-β hydride
phase transition occurring around 473 K. Hydrogen preferentially bonds with the Pd atoms rather than the Ag
atoms in the case of hydrogen absorption into the PdAg23 alloy. The atomic fractions of Pd on the surface were
enhanced after hydrogen absorption, and hydrogen adsorption at a hydrogen pressure of 5×10−8 Torr at 620 K.
This surface segregation of Pd atoms provides more reactive sites for hydrogen absorption, which may promote
the hydrogen permeability of a PdAg23 alloy.

1. Introduction

Palladium-based alloys have recently attracted much attention as a
key material for circulating hydrogen as the clean energy sustainable
resource in our society. In particular, a PdAg alloy has been used for
hydrogen purification, since it has much higher resistance to hydrogen
embrittlement than pure Pd. The highest hydrogen permeability is
achieved when the silver concentration is 23% in the PdAg alloy [1–3].
Understanding of the detailed hydrogen permeation mechanism has
now become interesting for further development, as it may be useful in
making the potential applications more practical and efficient.

The hydrogen permeability of the PdAg23 alloy has been discussed
by the pressure-composition-isotherms (PCT) and the changes of lattice
structure (hydride phase) in the high H2 pressure range (> 10mbar)
[4–6]. However, the mechanisms of the rate-limiting process in the
hydrogen permeation and the effect of the lattice structure on the de-
tailed processes are not well understood.

Some previous studies have reported that hydrogen permeation is

related to hydrogen bulk diffusion [7–9], surface composition [10–18],
and morphology [19,20]. These results indicate the complexity in hy-
drogen permeation, and the necessity for specifying individual roles at
the surface and in the bulk of the PdAg alloy.

However, the changes in surface composition of the PdAg alloy
during hydrogen permeation are still debated. It was found that the Ag
surface was enriched after hydrogen permeation [21]. In contrast, some
studies reported that Pd segregation occurred after hydrogen exposure
[22]. Although it has been reported that the surface process (i.e., H
adsorption/absorption) is the rate-limiting process during hydrogen
permeation [23,24], systematic studies of this process and the inter-
actions between hydrogen and the surface and bulk of the PdAg alloy
are still scarce. Many studies have been performed on the interaction
between hydrogen and PdAg alloys of different surface compositions
and structures [25–28]. The hydrogen adsorption/absorption reactions
occurring during hydrogen permeation in the PdAg alloy and the in-
fluences of surface composition on surface reactivity still required to be
studied.
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In the present research, in order to clarify the hydrogen interactions
with both the surface and bulk of the PdAg alloys, and investigate the
changes in surface composition during hydrogen adsorption/absorp-
tion, we carried out in-situ X-ray photoelectron spectroscopy (XPS)
measurements during the hydrogen adsorption/absorption on the Ag-
rich PdAg alloy (PdAg23) that contains 23 wt% Ag in the crystal
structure. The XPS is a powerful tool that enables us to directly observe
the surface composition and the interaction of hydrogen with the PdAg
alloy. Further, XPS measurements under both ultrahigh vacuum (UHV)
and ambient pressure conditions allow us to study the hydrogen ad-
sorption and absorption processes by systematically tracking the che-
mical states of the Pd and Ag atoms at the surface and in the bulk. At the
initial hydrogen adsorption stage, measured using XPS in
5× 10−8 Torr of H2 pressure at 300–620 K, hydrogen preferentially
adsorbed on the Ag atoms. In the subsequent absorption process,
measured at a hydrogen pressure of 1.5 Torr over 473 K, hydrogen
atoms preferentially absorbed on the Pd atoms in the bulk. The surface
segregation of Pd atoms was found to occur during H adsorption at
620 K and 5×10−8 Torr, and further enhanced due to hydrogen ab-
sorption at 1.5 Torr.

2. Experimental

2.1. Sample preparation

The PdAg23 alloy (ϕ12.4 mm, 0.1 mm thickness) was obtained from
Tanaka Kikinzoku Kogyo K.K., and the bulk composition was 77 wt% Pd
and 23wt% Ag. A surface of the sample was mirror-polished to be flat
before installation on a sample holder. Before in-situ UHV-XPS mea-
surement, the sample was cleaned by several cycles of Ne+ ion sput-
tering (1 keV) for 30min and annealing at 670–675 K for 2min. For the
in-situ AP-XPS experiment, the clean sample surface was prepared by
several cycles of Ar+ sputtering (1 keV) for 15min and annealing at

670–675 K for 2min. The clean surfaces were subsequently checked
using XPS. The detail information can be found in the supplementary
data.

2.2. UHV-XPS

High-resolution X-ray photoelectron spectroscopy (HR-XPS) mea-
surements under ultrahigh vacuum were performed at the soft X-ray
beam line 13B [29] in Photon Factory of High Energy Accelerator Re-
search Organization (KEK-PF) in Tsukuba, Japan. The horizontal linear
polarization state X-ray was used, and the incident angle was 45°. The
XPS spectra were recorded using a hemispherical electron analyzer
(SPECS, Phoibos 100) at a normal emission angle. The base pressure of
the UHV chamber was< 1×10−9 Torr. Pure H2 (> 99.99999%) gas
was introduced at a sample temperature of 300 K; subsequently, the
sample was heated stepwise up to 620 K. The Pd 3d core-level spectra
were recorded at a photon energy of 447.2 eV and the Ag 3d core-level
spectra at 480 eV, so as to adjust the photoelectron kinetic energies of
both Pd 3d5/2 and Ag 3d5/2 to be identical (113 eV).

2.3. AP-XPS

The AP-XPS measurements were performed at the soft X-ray un-
dulator beamline BL07LSU at SPring-8 in Sayo, Japan [30]. The X-ray
beam was horizontal linear polarization, and the incident angle and
emission angle of the X-ray beam were 68° and 0°, respectively. Pure H2

(> 99.99999%) gas was introduced into an ambient-pressure gas cell,
where the base pressure was below 5×10−10 Torr. An electron ana-
lyzer (SPECS, Phoibos 150) was assembled with a three-stage differ-
ential pumping system. During H2 exposure at 1.5 Torr, the sample
temperature was increased from 300 K to 573 K. The Pd 3d core-level
spectra were measured at a photon energy of 447.2 eV (647.3 eV) and
the Ag 3d core-level spectra at 480 eV (680 eV), so as to obtain the same

Fig. 1. Pd 3d5/2 XPS spectra observed on (a) clean
surface, and during hydrogen adsorption at
5×10−8 Torr at (b) 300 K, (c) 373 K, (d) 473 K, (e)
573 K, (f) 620 K, and (g) after hydrogen exposure at
pressure of 1× 10−4 Torr at 620 K for 2000 s with
the photon energy of 447.2 eV. Ag 3d5/2 XPS spectra
observed on (h) clean surface, and during hydrogen
adsorption at 5× 10−8 Torr at (i) 300 K, (j) 373 K,
(k) 473 K, (l) 573 K, (m) 620 K, and (n) after H2

exposure at 1× 10−4 Torr at 620 K for 2000 s with
the photon energy of 480 eV. Surface Ag component
and bulk Ag/surface Ag-H component are shown
with green and blue solid lines, respectively.

J. Tang et al. Applied Surface Science 463 (2019) 1161–1167

1162



kinetic energy of about 112 eV (312 eV) that is needed to obtain the
surface (bulk) sensitive information. The probing depths (3λ) are cal-
culated to be ∼1.2 nm, and ∼2.0 nm when the photoelectron kinetic
energy is 112 eV and 312 eV, respectively. All the binding energies were
calibrated relative to the Fermi energy and all the spectra were nor-
malized by the average background photoelectron count at the low
binding energy side. The peak positions in the spectra were determined
by curve-fitting using a Voigt function with the Shirley-type back-
ground.

3. Results and discussion

3.1. Hydrogen-adsorption reaction studied using UHV-XPS

The hydrogen adsorption reaction on the PdAg23 alloy surface was
studied by UHV-XPS measurements. The clean surface was first exposed
to H2 at a pressure of 5× 10−8 Torr and 300 K, then the sample was
heated to 373 K, 473 K, 573 K and 620 K. Finally, the surface was ex-
posed to H2 at a pressure of 1×10−4 Torr at 620 K for 2000 s (dosage
∼2×105 L). Fig. 1(a) shows the Pd 3d5/2 region of the XPS spectrum
taken on the clean PdAg23 alloy surface. The spectrum was fitted well
with two components, which were assigned as the surface and bulk Pd
atoms [31]. The surface component corresponds to a higher binding
energy (+0.34 eV) compared to the bulk component at the binding
energy of 334.7 eV. Fig. 1(b)–(f) show the Pd 3d5/2 XPS spectra ac-
quired in the presence of 5× 10−8 Torr H2 at 373 K, 473 K, 573 K and
620 K, respectively. The surface components for the Pd 3d5/2 spectra
obtained during H2 exposure have binding-energy shifts of
0.34 ± 0.02 eV relative to the bulk components (334.68 ± 0.02 eV).
The intensities of both the surface and bulk components exhibit no
significant changes under an H2 atmosphere from 300 K to 620 K. The
Pd 3d5/2 spectrum measured after H2 exposure at 1× 10−4 Torr at
620 K for 2000 s is shown in Fig. 1(g). The surface Pd component ap-
parently increased, indicating the possible segregation of Pd atoms to
the surface.

The Ag 3d5/2 spectrum observed on the clean PdAg23 alloy surface is
shown in Fig. 1(h). It also exhibits two components at 367.54 eV and
367.3 eV, assigned as the surface and bulk Ag components, respectively
[31]. The shifts of the surface Pd and surface Ag strongly depend on the
surface composition, which is shown by the DFT calculations [31]. The
Ag 3d5/2 spectra taken during H2 exposure at 5× 10−8 Torr from 300 K
to 620 K are shown in Fig. 1(i)–(m). It is observed that the intensities of
the surface Ag components gradually decreased, while the bulk Ag
component increased with temperature. Fig. 1(n) depicts the Ag 3d5/2
spectrum taken after H2 exposure at 1× 10−4 Torr for 2000 s, in-
dicating that the intensity of the surface Ag component was further
reduced while that of the bulk component was enhanced. There was no
significant binding-energy shift for both the Pd 3d5/2 and Ag 3d5/2
spectra during H2 exposure.

Fig. 2(a) and (b) summarize the variation in intensities of the Pd
3d5/2 components, the Ag 3d5/2 components, and total intensities as a
function of temperature. Before the H2 exposure, the intensity of the
bulk Pd component was larger than that of the surface Pd component.
On the other hand, the intensity relation between surface and bulk
component was opposite in the Ag 3d5/2 case. It implies that a clean
surface is Ag-rich in the case of the PdAg23 alloy.

The intensities of Pd components in Fig. 2(a) show little changes
after H2 exposure. Compared to the intensities of Pd components, those
of the surface and bulk Ag components decreased and increased, re-
spectively. Since the total intensities of the Ag 3d5/2 spectra remained
unchanged during H2 exposure, it indicates the conversion of the
components during H2 exposure. Namely, hydrogen adsorption likely
occurs on the surface Ag atoms, rather than the Pd atoms, and the
newly formed surface Ag-H component has a binding energy similar to
that of bulk Ag. It is also found that the decrease in the surface Ag
component and the increase in the bulk Ag/surface Ag-H component

were similar, as illustrated in Fig. 2(b). These results indicate that Ag
atoms on the silver-rich PdAg alloy surface appear to behave as ad-
sorption sites for hydrogen. The increase of hydrogen adsorption (sur-
face Ag-H component) with temperature can be understood by the
dissociative adsorption of hydrogen molecules on the PdAg alloy sur-
face involving an activation barrier.

The atomic fractions of Pd and Ag at the near-surface region are
listed in Table 1. The fractions of Pd and Ag atoms were estimated from
the total intensities of the Pd 3d5/2 and Ag 3d5/2 spectra (see supporting
information for the detailed procedure). On the clean PdAg23 alloy
surface, the Pd and Ag atomic fractions were 46.5% and 53.5%, re-
spectively, and the Ag atomic ratio on the surface was 2.1 times higher
than in the bulk (25 atomic%). This silver enrichment have been ob-
served on the PdAg25(1 0 0) surface [31] and the (1 0 0) and (1 1 1)
surfaces of the PdAg33(1 0 0) alloy [32] after several annealing treat-
ment steps.

The surface composition has few changes after H2 exposure at 300 K
and heating the sample from 300 K to 620 K. However, the Pd fraction
on the surface was increased by 4.0% after H2 exposure at
1× 10−4 Torr for 2000 s at 620 K. This indicates that the Pd atoms
segregated from the bulk to the surface after a large hydrogen exposure
(2×105 L). This appears to be consistent with the results obtained
from density functional theory (DFT) calculations, showing that a sig-
nificant energy gain is achieved from moving a Pd atom from the bulk
to the surface when hydrogen adsorb on the surface [33].

3.2. Hydrogen-absorption reaction studied using AP-XPS

The hydrogen absorption reactions were investigated by AP-XPS
measurements on the Pd 3d5/2 and Ag 3d5/2 spectra of the PdAg alloy
surface. Fig. 3(a)–(e) show the Pd 3d5/2 spectra observed at photon
energy of 447.3 eV before and after H2 exposure at 300 K, 373 K, 473 K,
and 573 K, respectively. Both bulk (334.89 eV) and surface (335.31 eV)
Pd components were observed on the clean surface and after H2 ex-
posure at 300 K and 373 K. An additional component appeared after H2

exposure at 300 K at the higher binding-energy side (335.97 eV) re-
lative to the bulk Pd component and disappeared at 373 K. It originates
from the residual CO gas that adsorbed on the Pd atoms, as confirmed
by the CO exposure experiment on the PdAg alloy surface (see sup-
plementary data). When the sample was heated to 473 K, the surface Pd
component totally disappeared and a new component emerged at the
binding energy of 335.57 eV, as shown in Fig. 3(d). The new component
is attributed to the interaction of H with the bulk Pd atoms (bulk Pd-H),
because the hydride always corresponds to the higher binding-energy
side due to the electron deficiency of the Pd atoms caused by the Pd-H
bond formation [34]. It indicates that hydrogen absorption in the PdAg
alloy is enhanced above 473 K. This observation agrees well with the
result that the hydrogen permeability of the PdAg23 alloy shows a
maximum in the temperature range 423–523 K [35]. It is noted that
473 K corresponds to the α-β hydride phase transition temperature of
the PdAg alloy [36]. It is inferred that hydrogen adsorption may be
triggered by the lattice expansion that occurs as a result of the phase
transition.

Fig. 3(f)–(j) show the Pd 3d5/2 spectra observed at photon energy of
647.3 eV before and during H2 exposure at 300 K, 373 K, 473 K, and
573 K, respectively. The evolutions of the Pd 3d5/2 spectra with tem-
perature were similar to those observed at photon energy of 447.3 eV,
including residual CO adsorption on the surface at 300 K, and sub-
sequent desorption after heating at 373 K. The bulk Pd-H component,
which corresponds to a binding energy of 335.56 eV at 473 K is shifted
to 335.46 eV at 573 K. The intensity of the bulk Pd-H component at
473 K observed at the photon energy of 647.3 eV (probing depth
∼2.0 nm) was higher than that observed at 447.3 eV (probing depth
∼1.2 nm), indicating a larger amount of adsorbed hydrogen at the
depth of ∼2.0 nm.

The Ag 3d5/2 spectra were measured before and during H2 exposure
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at 300 K, 373 K, 473 K, and 573 K at photon energies of 480 eV and
680 eV, as shown in Fig. 4(a)–(e) and (f)–(j), respectively. On the clean
surface of the PdAg alloy, the bulk Ag component was located at
367.56 eV (hν=480 eV) and 367.51 eV (hν=680 eV), respectively. No
hydrogen bonding with the bulk Ag atoms (bulk Ag-H) was observed.
These results indicate that the Pd atoms are more active as hydrogen
absorption sites than the Ag atoms in the bulk at 473–573 K under H2

atmosphere at the pressure of 1.5 Torr. It is consistent with the previous
DFT calculations in that the pathway of the H atom involving the Pd
atoms shows a lower activation barrier compared to that involving the
Ag atoms [7,21,37].

It is noted from the Ag 3d5/2 spectra observed at photon energies of
480 eV and 680 eV that the surface Ag component had little binding
energy shift with temperature. However, the bulk Ag component was
shifted to the higher binding energy side by ∼0.1 eV after heating at
473 K under H2 exposure at a pressure of 1.5 Torr. This may be related
to the changes in the chemical environment in the bulk PdAg alloy that
are induced by hydrogen absorption.

Fig. 5(a)–(d) summarize the temperature dependence of the in-
tensities of the Pd 3d5/2 components, Ag 3d5/2 components, and the
total intensities measured at different photon energies. The total Pd
3d5/2 intensity significantly decreased at 373 K followed by a gradual
increase from 473 K to 573 K, while the intensity of Ag 3d5/2 mono-
tonically decreased with temperature. The decreases in total intensities
for both the elements at 373 K were due to the increase in carbon
contamination that covered the surface and caused inelastic scattering

of the photoelectrons. However, further decay of the photoelectron can
be neglected over 473 K since the carbon contamination was almost
saturated over 473 K, which can be found in the supplement data. The
increase of Pd 3d5/2 and the decrease of Ag 3d5/2 total intensities over
473 K are a result of the hydrogen adsorption/absorption-inducing
enhancement of the Pd atomic fraction on the surface. The changes in
the total intensities of Pd 3d5/2 and Ag 3d5/2 were more apparent for the
probing depth of ∼1.2 nm than that for ∼2.0 nm. The probing depth
dependence indicates that the larger Pd atoms segregate from the bulk
to a depth of ∼1.2 nm rather than the depth of ∼2.0 nm.

The bulk Pd-H component obtained in the depth of ∼1.2 nm shows
a gradual increase from 473 K to 573 K, while the bulk Pd-H component
obtained in the depth of ∼2.0 nm drastically increases at 473 K and
saturates at 573 K. These indicate that a large amount of H atoms ab-
sorb in the bulk at 473 K, and more bulk Pd-H are formed at the depth
of ∼1.2 nm than at ∼2.0 nm after the temperature is raised to 573 K.
This may be due to the enhancement of Pd surface segregation, which
provides more reactive sites for H absorption. In addition, the decrease
of the bulk Pd component at 473 K is consistent with the drastic in-
crease in the bulk Pd-H component in the PdAg alloy.

On the other hand, the intensity of surface Ag decreased and the
intensity of the bulk Ag/surface Ag-H component increased with tem-
perature, probably due to the increase in the amount of hydrogen ad-
sorbed on the Ag atoms. These results are consistent with the ob-
servation of the Ag 3d5/2 spectra during hydrogen adsorption, as
described in Section 3.1.

4. Conclusions

We carried out in-situ UHV-XPS and AP-XPS measurements to sys-
tematically probe variations in chemical composition and the interac-
tion of hydrogen with both the surface and bulk during the hydrogen
adsorption/absorption processes in a silver-rich PdAg alloy (PdAg23). In
the surface hydrogen adsorption process, the Ag atoms were found to be
the adsorption sites compared to the Pd atoms. The surface composition
remained constant during H2 exposure at 5× 10−8 Torr from 300 K to
620 K, however, Pd atoms segregated to the surface at 620 K after H2

exposure at 1× 10−4 Torr. The hydrogen absorption process was sig-
nificantly enhanced above 473 K under a H2 pressure of 1.5 Torr.
During the absorption, Pd atoms were found to be more reactive with

Fig. 2. Intensities of surface component (green
square), bulk/surface hydride component (blue tri-
angle) and the total intensities (black circle) of the
(a) Pd 3d5/2 and (b) Ag 3d5/2 spectra obtained on the
clean surface and during H2 adsorption at
5×10−8 Torr at 300–620 K. The intensities of sur-
face Ag component and bulk Ag/surface Ag-H
component as a function of temperature are fitted
with lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Table 1
The atomic fraction of Pd and Ag on the clean surface and during H2 adsorption
at 5× 10−8 Torr at 300 K, 373 K, 473 K, 573 K, 620 K, and after H2 exposure at
1×10−4 Torr at 620 K for 2000 s. The details of estimation of atomic fraction
on PdAg alloy are given the supplementary data 4.

T (K) Pd fraction Ag fraction

clean 46.5% 53.5%
300 46.8% 53.2%
373 47.0% 53.0%
473 46.8% 53.2%
573 46.9% 53.1%
620 46.8% 53.2%
620, 2× 105 L 50.5% 49.5%
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Fig. 3. Pd 3d5/2 XPS spectra measured at photon
energy of 447.2 eV on (a) clean surface, and under
hydrogen pressure at 1.5 Torr at (b) 300 K, (c) 373 K,
(d) 473 K, (e) 573 K. Pd 3d5/2 XPS spectra measured
at photon energy of 647.3 eV on (f) clean surface,
and under hydrogen pressure at 1.5 Torr at (g)
300 K, (h) 373 K, (i) 473 K, (j) 573 K. Surface (bulk)
Pd components are shown with green (blue) solid
lines, surface contamination related to CO adsorp-
tion is depicted with purple solid line, bulk Pd-H
component is depicted with yellow solid line. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 4. Ag 3d5/2 XPS spectra measured at photon
energy of 480 eV on (a) clean surface, and under
hydrogen pressure at 1.5 Torr at (b) 300 K, (c)
373 K, (d) 473 K, (e) 573 K. Ag 3d5/2 XPS spectra
measured at photon energy of 680 eV on (f) clean
surface, and under hydrogen pressure at 1.5 Torr at
(g) 300 K, (h) 373 K, (i) 473 K, (j) 573 K. Surface Ag
component and bulk Ag/surface Ag-H component
are depicted with green and blue solid lines, re-
spectively.
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hydrogen than Ag atoms. Moreover, we observed surface segregation of
the Pd atoms, which later provided the active sites for hydrogen ab-
sorption. Therefore, the Pd segregation process appears to be the
driving force for the high hydrogen permeability observed in the
PdAg23 alloy.

Acknowledgements

This study was supported by the Advanced-Catalytic-
Transformation program for Carbon utilization (ACT-C) of the Japan
Science and Technology Agency (JST, Grant No. JPMJCR12YU), and
JSPS Grand-in-Aid for Scientific Research on Innovative Area (“3D
Active-Site Science”, Grant No. 17H05212), and JSPS Grant-in-Aid for
Young Scientists (A) (No. 16H06027). The synchrotron radiation UHV-
XPS experiments were performed under the approval of the Photon
Factory Program Advisory Committee (Proposal No. 2015S2-008). The
AP-XPS measurement using synchrotron radiation were carried out at
SPring-8 BL07LSU as joint research in the Synchrotron Radiation
Research Organization and The Institute for Solid State Physics, The
University of Tokyo (Proposal No. 2016B7401, 2017A7401,
2017B7401). The PdAg alloy sample was supplied by Tanaka Kikinzoku
Kogyo K.K. The sample measurements tests and preparations for syn-
chrotron-radiation UHV-XPS experiments were performed at SPring-8
BL23SU with the approval of the Japan Synchrotron Radiation Research
Institute (Proposal Nos. 2017A3835, 2017A3801, 2017B3801).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.07.078.

References

[1] A.G. Knapton, Palladium alloys for hydrogen diffusion membranes, Platin. Met.
Rev. 21 (1977) 44–50.

[2] C.G. Sonwane, J. Wilcox, Y.H. Ma, Achieving optimum hydrogen permeability in
PdAg and PdAu alloys, J. Chem. Phys. 125 (2006) 184714-1–184714-10.

[3] Z. Jovanovic, M.D. Francesco, S. Tosti, A. Pozio, Influence of surface activation on
the hydrogen permeation properties of PdAg cathode membrane, Int. J. Hydrogen
Energy 36 (2011) 15364–15371.

[4] A.W. Carson, F.A. Lewis, Pressure-composition isotherms for the Pd+Ag+H
System, Trans. Faraday Soc. 63 (1967) 1453–1457.

[5] A. Paolone, S. Tosti, A. Santucci, O. Palumbo, F. Trequattrini, Hydrogen and deu-
terium solubility in commercial Pd-Ag alloys for hydrogen purification,
ChemEngineering 1 (2017) 14.

[6] A. Suzuki, H. Yukawa, T. Nambu, Y. Matsumoto, Y. Murata, Anomalous tempera-
ture dependence of hydrogen permeability through palladium-silver binary alloy
membrane and its analysis based on hydrogen chemical potential, Mater. Trans. 57
(2016) 695–702.

[7] X. Ke, G.J. Kramer, Absorption and diffusion of hydrogen in palladium-silver alloys
by density functional theory, Phys. Rev. B 66 (2002) 184304-1–184304-11.

[8] A. Noorfermeer, G.A. Kok, B.E. Nieuwenhuys, A comparative study of the behaviour
of the PdAg(111) and Pd(111) surfaces towards the interaction with hydrogen and
carbon monoxide, Surf. Sci. 165 (1986) 375–392.

[9] A.M. Tarditi, M.L. Bosko, L.M. Cornagla, Alloying and surface composition of model
Pd-Ag films synthesized by electroless deposition, Int. J. Hydrogen Energy 37

Fig. 5. Intensities of surface Pd component (green square), bulk Pd component (blue triangle), bulk Pd-H component (yellow rhomboid), CO contamination com-
ponent (purple star), and the total intensity (black circle) of the Pd 3d5/2 spectra measured at photon energies of (a) 447.2 eV and (c) 647.2 eV as a function of
temperature after H2 exposure at 1.5 Torr. Intensities of surface Ag component (green square), bulk Ag/surface Ag-H component (blue triangle), and the total
intensities (black circle) of the Ag 3d5/2 spectra measured at photon energies of (b) 480 eV and (d) 680 eV as a function of temperature after H2 exposure at 1.5 Torr.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J. Tang et al. Applied Surface Science 463 (2019) 1161–1167

1166

https://doi.org/10.1016/j.apsusc.2018.07.078
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0005
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0005
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0010
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0010
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0015
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0015
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0015
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0020
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0020
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0025
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0025
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0025
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0030
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0030
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0030
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0030
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0035
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0035
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0040
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0040
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0040
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0045
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0045


(2012) 6020–6029.
[10] M.L. Bosko, J.F. Munera, E.A. Lombardo, L.M. Cornaglia, Dry reforming of methane

in membrane reactors using Pd and Pd-Ag composite membranes on a NaA zeolite
modified porous stainless steel support, J. Membr. Sci. 364 (2010) 17–26.

[11] Y. Zhang, T. Ozaki, M. Komaki, C. Nishimura, Hydrogen permeation of Pd-Ag alloy
coated V-15Ni composite membrane effects of overlayer composition, J. Membr.
Sci. 224 (2003) 81–91.

[12] G. Zeng, H. Jia, A. Goldbach, L. Zhao, S. Miao, L. Shi, C. Sun, H. Xu, Hydrogen-
induced high-temperature segregation in palladium silver membranes, Phys. Chem.
Chem. Phys. 16 (2014) 25330–25336.

[13] C.G. Sonwane, J. Wilcox, Y.H. Ma, Solubility of hydrogen in PdAg and PdAu binary
alloys using density functional theory, J. Phys. Chem. B 110 (2006) 24549–24558.

[14] L. Zhao, A. Goldbach, C. Bao, H. Xu, Structural and permeation kinetic correlations
in PdCuAg membranes, ACS Appl. Mater. Interfaces 6 (2014) 22408–22416.

[15] L.B. Bosko, J.B. Miller, E.A. Lombardo, A.J. Gellman, L.M. Cornaglia, Surface
characterization of Pd–Ag composite membranes after annealing at various tem-
peratures, J. Membr. Sci. 369 (2011) 267–276.

[16] N. Vicinanza, I.-H. Svenum, L.N. Næss, T.A. Peters, R. Bredesen, A. Borg,
H.J. Venvik, Thickness dependent effects of solubility and surface phenomenon the
hydrogen transport properties of sputtered Pd77%Ag23% thin film membranes, J.
Membr. Sci. 476 (2015) 602–608.

[17] G. Zeng, A. Goldbach, L. Shi, H. Xu, Compensation effect in H2 permeation kinetics
of PdAg membranes, J. Phys. Chem. C 116 (2012) 18101–18107.

[18] T.B. Flanagan, D. Wang, Temperature dependence of H permeation through Pd and
Pd alloy membranes, J. Phys. Chem. A 116 (2012) 185–192.

[19] A.L. Mejdell, H. Klette, A. Ramachandran, A. Borg, R. Bredesen, Hydrogen per-
meation of thin free-standing Pd/Ag23% membranes before and after heat treat-
ment in air, J. Membr. Sci. 307 (2008) 96–104.

[20] L.S. Mcleod, F.L. Degertekin, A.G. Fedorov, Determination of the rate-limiting
mechanism for permeation of hydrogen through microfabricated palladium-silver
alloy membranes, J. Membr. Sci. 341 (2009) 225–232.

[21] A.A.B. Padama, H. Kasai, Y.W. Budhi, Hydrogen absorption and hydrogen-induced
reverse segregation in palladium-silver surface, Int. J. Hydrogen Energy 38 (2013)
14715–14724.

[22] T. Lai, M.L. Lind, Heat treatment driven surface segregation in Pd77Ag23 membranes
and the effect on hydrogen permeability, Int. J. Hydrogen Energy 40 (2015)
373–382.

[23] T.L. Ward, T. Dao, Model of hydrogen permeation behavior in palladium mem-
branes, J. Membr. Sci. 153 (1999) 211–231.

[24] J.W. Wang, M. Song, Y.H. He, H.R. Gong, Stability, adsorption, and diffusion of

hydrogen in Pd3Ag phases, J. Membr. Sci. 503 (2016) 124–131.
[25] S. Yun, S.T. Oyama, Correlations in palladium membranes for hydrogen separation:

a review, J. Membr. Sci. 375 (2011) 28–45.
[26] K. Wald, J. Kubik, D. Paciulli, M. Talukdr, J. Nott, F. Massicotte, K. Rebeiz,

S. Nesbit, A. Craft, Effects of multiple hydrogen absorption/desorption cycles on the
mechanical properties of the alloy system palladium/silver (wt%=10-25), Scr.
Mater. 117 (2016) 6–10.

[27] H. Abir, M. Sheintuch, Modeling H2 transport through a Pd or PdAg membrane, and
its inhibition by co-adsorbates, from first principles, J. Membr. Sci. 466 (2014)
58–69.

[28] O.M. Lovvik, R.A. Olsen, Density functional calculations of hydrogen adsorption on
palladium-silver alloy surfaces, J. Chem. Phys. 118 (2003) 3268–3276.

[29] A. Toyoshima, T. Kikuchi, H. Tanaka, K. Mase, K. Amemiya, K. Ozawa, Performance
of PF BL-13A, a vacuum ultraviolet and soft X-ray undulator beamline for studying
organic thin films adsorbed on surfaces, J. Phys.: Conf. Ser. 425 (2013) 152019-
1–15209-4.

[30] S. Yamamoto, Y. Senba, T. Tanaka, H. Ohashi, T. Hirono, H. Kimura, M. Fujisawa,
J. Miyawaki, A. Harasawa, T. Seike, S. Takajashi, N. Nariyama, T. Matsushita,
M. Takeuchi, T. Ohata, Y. Furukawa, K. Takeshita, S. Goto, Y. Harada, S. Shin,
H. Kitamura, A. Kakizaki, M. Oshima, I. Matsuda, New soft X-ray beamline,
BL07LSU at SPring-8, J. Synchrotron Rad. 21 (2014) 352–365.

[31] L.E. Walle, H. Gronbeck, V.R. Fernandes, S. Blomberg, M.H. Farstad, K. Schulte,
J. Gustafson, J.N. Andersen, E. Lundgren, A. Borg, Surface composition of clean and
oxidized Pd75Ag25(100) from photoelectron spectroscopy and density functional
theory calculations, Surf. Sci. 606 (2012) 1777–1782.

[32] P.T. Wouda, M. Schmid, B.E. Nieuwenhuys, P. Vargab, STM study of the (111) and
(100) surfaces of PdAg, Surf. Sci. 417 (1998) 292–300.

[33] O.M. Lovvik, S.M. Opalka, Reversed surface segregation in palladium-silver alloys
due to hydrogen adsorption, Surf. Sci. 602 (2008) 2840–2844.

[34] S.J. Kerber, J.J. Bruckner, K. Wozniak, S. Seal, S. Hardcastle, T.L. Barr, The nature
of hydrogen in X-ray photoelectron spectroscopy: general patterns from hydroxides
to hydrogen bonding, J. Vac. Sci. Technol. A 14 (1996) 1314–1320.

[35] D. Wang, T.B. Flanagan, K. Shanahan, Diffusion of H through Pd-Ag alloys
(423–523 K), J. Phys. Chem. B 112 (2008) 1135–1148.

[36] J. Okazaki, D.A.P. Tanaka, M.A.L. Tanco, Y. Wakui, F. Mizukami, T.M. Suzuki,
Hydrogen permeability study of the thin Pd–Ag alloy membranes in the tempera-
ture range across the α-β phase transition, J. Membr. Sci. 282 (2006) 370–374.

[37] L. Opara, B. Klein, H. Zuchner, Hydrogen-diffusion in Pd1-xAgx (0≤x≤1), J. Alloy
Com. 253 (1997) 378–380.

J. Tang et al. Applied Surface Science 463 (2019) 1161–1167

1167

http://refhub.elsevier.com/S0169-4332(18)31979-2/h0045
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0050
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0050
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0050
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0055
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0055
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0055
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0060
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0060
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0060
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0065
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0065
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0070
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0070
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0075
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0075
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0075
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0080
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0080
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0080
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0080
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0085
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0085
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0090
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0090
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0095
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0095
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0095
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0100
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0100
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0100
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0105
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0105
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0105
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0110
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0110
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0110
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0115
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0115
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0120
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0120
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0125
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0125
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0130
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0130
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0130
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0130
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0135
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0135
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0135
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0140
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0140
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0150
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0150
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0150
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0150
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0150
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0155
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0155
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0155
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0155
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0160
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0160
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0165
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0165
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0170
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0170
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0170
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0175
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0175
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0180
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0180
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0180
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0185
http://refhub.elsevier.com/S0169-4332(18)31979-2/h0185

	Hydrogen adsorption and absorption on a Pd-Ag alloy surface studied using in-situ X-ray photoelectron spectroscopy under ultrahigh vacuum and ambient pressure
	Introduction
	Experimental
	Sample preparation
	UHV-XPS
	AP-XPS

	Results and discussion
	Hydrogen-adsorption reaction studied using UHV-XPS
	Hydrogen-absorption reaction studied using AP-XPS

	Conclusions
	Acknowledgements
	Supplementary material
	References




