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In Situ X-Ray Absorption Spectroscopy Study of Sn
Underpotential Deposition on Ni from Perchloric Acid

M. Seo,*” H. Habazaki,®** M. Inaba,” M. Yokomizo,” T. Wakabayashi,” and T. Nakayama®

“Division of Materials Chemistry, Faculty of Engineering, Hokkaido University, Sapporo, Hokkaido 060-8628, Japan
bKobelco Research Institute, Inc., Kobe, Hyogo 651-2271, Japan
“Materials Research Laboratory, Kobe Steel Ltd., Kobe, Hyogo 651-2271, Japan

In situ X-ray absorption spectroscopy (XAS) was applied to investigate the Sn underpotential deposition (UPD) on Ni surface
from 0.2 M HCIOy solution containing 10~3 M Sn?* with relation to the inhibition effect of Sn on aqueous corrosion of Ni. The
periodical emersion method under potentiostatic polarization, using the surface-roughened Ni plate (surface roughness S; = 78.3) as
a working electrode was employed to detect sensitively the sub-monolayer coverage of Sn on Ni. The Sn K-edge absorption spectra
in a scanning XAS mode were measured by monitoring the Sn K, fluorescence line. The Sn K-edge absorption near-edge structure
(XANES) in the Sn-UPD potential region has revealed that the Sn-UPD layer on Ni is oxygenated. The extended X-ray absorption
fine structure (EXAFS) analysis was performed with a two shell fit of the nearest neighbor Sn-Ni and Sn-O interactions, assuming
that the uppermost Ni surface exposed to the solution is mainly oriented to the (111) plane. The results have indicated that Sn atoms
are substituted like a surface alloy at face-center-cubic sites in the first Ni layer and further bonded with oxygen atoms. The strong
inhibition effect of Sn on aqueous corrosion of Ni is ascribed to the bond between Sn and O atoms in addition to the bond between

Sn and Ni atoms.
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The formation of metal monolayer on a foreign metal electrode
at potentials more noble than the equilibrium potential of bulk elec-
trodeposition is termed underpotential deposition (UPD). The UPD of
Sn on Pt!™* has been investigated with relation to electrocatalysts for
electro-oxidation of CO,> HCOOH? or methanol’~'° while Sn-plating
has been widely used in steel industry due to the corrosion prevention
of iron and steels by Sn.''""* Our recent study'® has revealed that
10~* M Sn?* added in 0.2 M HCIO, inhibits completely the anodic
dissolution of pure Ni, suggesting the participation of Sn-UPD in cor-
rosion inhibition of Ni. We reported previously that the addition of
Pb%* in acidic perchlorate solution suppresses the anodic dissolution
of Ni and the suppression of Ni corrosion is ascribed to the Pb-UPD. !
Moreover, it was confirmed by in situ surface X-ray absorption spec-
troscopy (XAS) that the Pb species deposited on Ni are in metallic
state.!’

The following differences, however, are distinct between inhibition
effects of Pb>* and Sn** on anodic dissolution of Ni. In the case of
Pb%*, although the Pb atoms deposited on Ni in the UPD potential
region suppress the anodic dissolution of Ni, the anodic dissolution
of Ni is re-activated due to anodic stripping of the deposited Pb atoms
as the potential shifts to the noble direction and Ni is subsequently
passivated.'® In contrast in the case of Sn>*, no anodic dissolution
of Ni is observed in the wide potential region exceeding the Sn-UPD
region.'> The X-ray photoelectron spectroscopy (XPS) analysis has
showed that in the case of Pb?>*, any Pb species are not detected on
the passive surface of Ni,'® while in the case of Sn>*, Sn species
are detected on the passive surface.'> The difference between the
inhibition behavior of Pb** and Sn** on anodic dissolution of Ni
may result from the difference in chemical stability between Pb- and
Sn-UPD layers on Ni.

In situ surface XAS, using a synchrotron radiation'®!” is powerful
tool for investigating the chemical state and local atomic structure
of the UPD layer on metal electrode in aqueous solution. In general,
XAS is not sensitive to a surface since X-rays of high energy have long
propagation length in condensed matter. Nevertheless, the informa-
tion limited to only a surface can be obtained by employing surface
XAS with grazing incidence excitation and fluorescence detection.
In application of surface XAS to the electrochemical UPD systems,
specimen electrode with a smooth surface and a thin electrolyte layer
on the surface are indispensable for grazing incidence excitation and
for fluorescence detection. This technique has been applied to many
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UPD layer/noble metal electrode systems such as Pb on Ag (111),%°
Cuon Au (111)?" or on Au (100),2>?* Cuon Pt (111)* or on Pt (100)*
and Zn on Au (111)* where aqueous corrosion does not take place,
thus, the composition of thin electrolyte layer does not change and
the smooth interface keeps during measurement. In the case of Ni
electrode susceptible to aqueous corrosion in acidic solutions, how-
ever, the above technique may be unacceptable because of the changes
in surface morphology and the precipitation of corrosion products in
the thin electrolyte layer. In application of surface XAS to the metal
electrode susceptible to corrosion, the use of thick electrolyte layer
with sufficient volume/surface ratio is necessary to avoid the com-
positional change of electrolyte and the precipitation of corrosion
products, while the XAS information originated from metal ions (e.g.
Sn?*) in the solution has to be removed to separate the information
from the same metal (e.g. Sn)-UPD layer.

The emersion method developed by Hansen et al.?’?® for spec-
troscopy of the solid electrode/solution interface may be useful to
avoid the information from metal ion in solution. Instead of graz-
ing incidence excitation, Stefan and Scherson®® developed the rotated
emersion method for the study on passivity of Zn in an alkaline solu-
tion and succeeded in monitoring the growth and reduction processes
of passive film. The employment of the specimen with large surface
roughness is indispensable for surface XAS study without grazing
incidence excitation. We have recently developed the periodical emer-
sion method'” using the surface-roughened Ni plate for in situ surface
XAS study of the Pb-UPD on Ni in acidic perchlorate solution and
succeeded in measuring the XAS spectra of Pb-UPD layer on Ni.

In this study, the XAS spectra of Sn species deposited on Ni from
perchloric acid containing Sn’>* were measured by employing the
periodical emersion method!’ to investigate the chemical state and
local structure of Sn-UPD layer that would provide new knowledge to
understand the inhibition effect of Sn** on aqueous corrosion of Ni.

Experimental

Specimen preparation.— Polycrystalline Ni plate with a size of
20 x 25 x 0.5 mm (purity >99.6%, Nilaco Co.) was used as a
specimen substrate and was mechanically polished on SiC papers.
The preparation of the surface-roughened Ni specimen was achieved
by two-step electrodeposition of Ni on the Ni substrate at 60°C and
25°C in a mixed solution of NiSO4/NiCl, and subsequently etching
in 10% nitric acid. The surface-roughened Ni plate is named the sr-Ni
plate for abbreviation in this paper. The surface roughness (the ratio
of real surface area to geometrical surface area), S, = 78.3 of the
sr-Ni plate was determined by the BET method (BEL JAPAN, INC.,
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BELSORP-max-12 N-VP). Details (surface morphology, thickness,
average crystal size, etc.) of the sr-Ni layer are given in our previous
paper.!” The electrolyte solution used for experiments was 0.2 M
HCIO, solution containing 10~ M Sn*. Tin was added as SnO to
give 1073 M Sn** in solution. The electrolyte solution was prepared
from guaranteed grade 60% HClO,4 (Kanto Chemical Co. Inc.) and
high purity (99.5%>) SnO (Koujundo Chemical Lab. Co. Ltd.) with
ultrapure water supplied through a super Milli Q filter system. During
preparation of the solution containing 10~> M Sn**, the possibility
for an oxidation of Sn** to Sn** by air dissolved in solution is not
excluded. The Sn** species in solution, however, should be minor
since the solution is deaerated in a reservoir immediately after the
preparation.

In situ XAS measurement.— The XAS measurements were per-
formed on BL16B2 beam line at the Super Photon Ring-8 GeV
(Spring-8), Hyogo, Japan. The electrochemical cell was so mounted
on a stage as to locate the Kapton window side at an angle of 45°
relative to the incident X-ray beam. The sr-Ni plate was set into the
cell in parallel to the Kapton window. The distance between sr-Ni
plate and Kapton window was kept about 1 mm. After air in the cell
was completely removed by flowing ultra-pure argon gas in the cell,
the electrolyte solution was supplied from the solution reservoir up
to the level-H in the cell at which the sr-Ni plate was fully immersed
in solution. The potential of the sr-Ni plate was measured with a Ag/
AgCl/ sat. KCl reference electrode through a Luggin capillary tube
and referred to the standard hydrogen electrode (SHE). The Pt plate
was used as a counter electrode.

At first, the sr-Ni plate was potentiostatically polarized in solution
until the polarization current attained steady state. It took about 30 min
to attain almost the steady state. Afterwards, the periodical emersion of
the sr-Ni plate under potentiostatic polarization was made as follows:
1) the solution in the cell was lowered to the level-L at which the
upper part of the sr-Ni plate was emerged and the X-ray beam was
irradiated to the part of the sr-Ni plate emerged from the level-L for
data collection by a scanning XAS mode, 2) after the data collection
for 2 min, the solution was raised to the level-H and the sr-Ni plate was
fully immersed in solution for 2 min, and 3) the solution was lowered
again to the level-L for data collection and the above procedure was
repeated at least ten cycles. The level-H was higher by 10 mm than
the level-L. The volumes of the solution in the cell at levels-H and -L.
were 273 and 228 cm?, respectively. The X-ray beam was irradiated
to the rectangular area (2 mm x 7 mm) of the sr-Ni plate located at the
middle of the levels-H and -L, i.e., above 5.0 mm from the level-L.
Details of the electrochemical cell and solution level-control system
for periodical emersion method were described elsewhere.!”

The Sn K-edge absorption spectra were measured by monitoring
the Sn K, fluorescence line at 25.27 keV obtained from a 19-element
Germanium Array Detector (Canberra, Inc.). The incident X-ray beam
was collimated with slits to the rectangle of 5 mm in length x 2 mm
in width. The Si (311) double-crystal monochrometer was used and
the photon energy was calibrated relative to the sharp pre-edge peak
(8.9803 keV) of metallic Cu. The photon energy was scanned from
28.90 keV to 30.70 keV for 2 min to collect the fluorescence data.
Afterwards, the photon energy was scanned back to 28.90 keV for 1
min. The scanning time of the photon energy was synchronized with
the periodical emersion through the combination of DAQ (NI PCI-
MIO-16XE-50) for the XAS measurement and LabVIEW software
for the solution-control system. Moreover, the Sn K-edge absorption
spectra of metallic -Sn foil, SnO (romarchite) and SnO, (cassiterite)
as standard materials were measured in the same photon energy range
for comparison.

Results and Discussion

Polarization behavior of the sr-Ni plate.— Figure 1 shows the
cyclic voltammogram (CV) of the smooth Ni plate prior to the surface
roughening-treatment measured at a potential sweep rate of 10 mV s~
in the potential range between —0.20 V and 0.40 V in deaerated 0.2
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Figure 1. Cyclic voltammogram (CV) of the smooth Ni plate prior to the
surface roughening-treatment measured at a potential sweep rate of 10 mV s~
in the potential range between —0.20 V and 0.40 V in deaerated 0.2 M HCIO4
solution containing 1073 M Sn>*. The CV in the solution without 10~3 M
Sn”* is also shown in Fig. 1 for comparison. Numerical numbers in Fig. 1
represent the cycle numbers.

M HCIOy solution containing 10~ M Sn?**. The CV in the solution
without 10~* M Sn?* is also shown in Fig. 1 for comparison. The
anodic dissolution current of the smooth Ni plate in the solution
without 10~* M Sn?" rises rapidly at about 0.05 V and the anodic
current peaks observed at about 0.2 V increases with increasing cycle
number. In contrast, no anodic current peaks of the smooth Ni plate
are observed in the solution with 10~> M Sn”*, indicating that the
addition of 10~ M Sn?* suppresses completely the anodic dissolution.
Figure 2 shows the CV of the sr-Ni plate measured at a potential
sweep rate of 1 mV s~! in the potential range between —0.22 V
and 0.05 V in deaerated 0.2 M HCIO, solution containing 107> M
Sn?*. The CV in the solution without 107> M Sn?* is also shown
in Fig. 2 for comparison. The current density, i, in the ordinate of
Fig. 2 was obtained with dividing the current by the real surface

150 | —— without 10> M Sn >
— with 102 M Sn?*

100 —
sr-Ni plate
50 —

i/ UA cm™

-0.2 -0.1 0.0 0.1
E/V (SHE)

Figure 2. CV of the surface roughened- (sr-)Ni plate measured at a potential
sweep rate of 1 mV s~! in the potential range between —0.22 V and 0.05 V
in deaerated 0.2 M HCIO, solution containing 10~3 M Sn**. The CV in
the solution without 10~3 M Sn?* is also shown in Fig. 2 for comparison.
Numerical numbers in Fig. 2 represent the cycle numbers. The current density,
i, in the ordinate of Fig. 2 was obtained with dividing the current by the real
surface area of the sr-Ni plate.
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Figure 3. Time-variation of current density during potentiostatic polarization
of the sr-Ni plate at —0.22 V in the solution with 10~3 M Sn?*. The current
density, 7, in the ordinate of Fig. 3 was obtained with dividing the current by
the real surface area of the sr-Ni plate.

area of the sr-Ni plate. The cathodic limit of —0.22 V in Fig. 2
corresponds to the equilibrium potential®® of Sn-electrodeposition in
10~ M Sn?* solution. It is clear from Fig. 2 that the addition of
10~3 M Sn?* suppresses not only anodic dissolution of Ni but also
hydrogen evolution. The polarization currents of the sr-Ni plate in the
solution without 1073 M Sn?* increase with increasing cycle number,
which may come from gradual removal of air-formed film on the sr-Ni
plate during cycling.

According to Kolb et al., "2 the potential width of UPD, AEypp,
can be approximately estimated from the following empirical relation.

AEypp ~ 0.5 (¢s — dm)/e [1]

where ¢g and ¢y are the work functions of foreign substrate metal
and UPD metal, respectively, and e is the elementary charge. If tak-
ing ¢ps = 5.15 eV for polycrystalline Ni** and ¢y = 4.42 eV for
polycrystalline Sn,* AEypp = 0.37 V is obtained from Eq. 1. The Sn-
UPD potential region estimated for the system of (10> M Sn>*/Ni),
therefore, is from —0.22 V to 0.15 V. The anodic potential limit
(0.05 V) of the CV 1in Fig. 2 is still in the Sn-UPD potential region.
Figure 3 shows the time—variation of current density during potentio-
static polarization of the sr-Ni plate at —0.22 V in the solution with
103 M Sn**. The cathodic current peak emerged at the initial stage
may be associated with the Sn-electrodeposition (i.e., UPD of Sn)
on the sr-Ni plate. The cathodic current density almost keeps con-
stant with time after 30 min. The cathodic current density (about —
7 WA cm™2) after 30 min is mainly due to hydrogen evolution. The
hydrogen bubbles on the sr-Ni plate, however, could not be observed
with a naked eye. Figure 4 shows the typical example of changes in
current density of the sr-Ni plate at 0.05 V in the solution with 1073
M Sn”* during periodical emersion-XAS measurements. The anodic
current changes periodically at 0.05 V synchronized with the period-
ical changes between solution levels-H and —L in the electrochemical
cell. The high and low anodic current plateaus in Fig. 4 correspond
to the solution levels-H and —L, respectively. The ratio of low to high
current plateau is almost consistent with the surface area ratio (0.6)
of the sr-Ni plate immersed in solution. The instantaneous and small
overshoots of current density are observed during every transition
from the solution level-H to —L, which may be caused by electric
noises from the solution level control system.

Sn K-edge XAS spectra.— The Sn K-edge XAS spectra were mea-
sured for the sr-Ni plate kept at five different potentials of —0.22 'V,
—0.15V, —0.05V, 0.0 V and 0.05 V in the solution. The XAS mea-
surement was initiated at —0.22 V and directed in turn to the more
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Figure 4. Typical example of changes in current density of the sr-Ni plate
at 0.05 V in the solution with 103 M Sn** during periodical emersion-XAS
measurements. The current density, 7, in the ordinate of Fig. 4 was obtained with
dividing the current by the real surface area of the sr-Ni plate fully immersed
in solution. The high and low anodic current plateaus in Fig. 4 correspond to
the solution levels-H and L, respectively.

noble potential. The reason why the XAS measurement was initiated
at —0.22 V is that an air-formed film on Ni can be easily reduced
at the less noble potential** and the influence of air-formed film on
the XAS measurement is minimized. Figure 5 shows the raw Sn K-
edge XAS spectra that were collected by ten times-energy scanning
and averaged for the sr-Ni plate kept at —0.15 V and 0.05 V. The Sn
K, fluorescence intensity divided by the incident X-ray intensity was
taken as absorbance, j.t, in the ordinate of Fig. 5. The sharp rise of the
spectrum in Fig. 5 corresponds to the Sn K-edge. Unfortunately, it is
found that some Sn species from the solution are adhered to the inside
wall of the Kapton window, which induces the difficult problem for
in-situ XAS analysis of Sn-UPD layer on Ni. The Sn K-edge XAS
spectrum of the Sn species on the Kapton window is measured under
the same experimental conditions after removal of the sr-Ni plate and

1.0 — —

Absorption, uf/a.u

29.20 29.25
Photon Energy, £ / keV

29.30 2935 29.40

Figure 5. Raw Sn K-edge XAS spectra that were collected by ten times-
energy scanning and averaged for the sr-Ni plate kept at —0.15 V and 0.05 V.
The Sn Kq fluorescence intensity divided by the incident X-ray intensity was
taken as absorbance, jut, in the ordinate of Fig. 5. The blank spectrum in Fig. 5
represents the Sn K-edge XAS spectrum of the Sn species on the Kapton
window measured under the same experimental condition after removal of the
sr-Ni plate.
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Figure 6. X-ray absorption near-edge structure (XANES) spectra of Sn K-
edge at —0.15 V and 0.05 V for the sr-Ni plate normalized after the subtraction
of the blank spectrum. The normalized Sn K-edge XANES spectrum of metallic
B-Sn foil is also shown in Fig. 6 for comparison.

is represented by “blank” in Fig. 5. The intensity of the blank spectrum
is about 20% of that of the spectrum measured at —0.15 V or 0.05 V
for the sr-Ni plate as shown in Fig. 5. Nevertheless, it is feasible to get
the real spectra of Sn-UPD layer on the sr-Ni plate by subtracting the
blank spectrum from the spectra measured for the sr-Ni plate since
the blank spectrum intensity attained already to the steady state and
did not change for every experiment.

Figure 6 shows the X-ray absorption near-edge structure (XANES)
spectra of Sn K-edge at —0.15 V and 0.05 V for the sr-Ni plate nor-
malized after the subtraction of the blank spectrum. The normalized
Sn K-edge XANES spectrum of metallic $-Sn foil is also shown in
Fig. 6 for comparison. The normalized Sn K-edge XANES spectrum
at —0.15 V or 0.05 V for the sr-Ni plate shifts to the high photon-
energy side by about 5 eV as compared with that of metallic p-Sn foil
and is close to that of standard SnO, (not shown in Fig. 6 because
of the overlapped spectra), indicating that the Sn species on the sr-Ni
plate are in oxidative state rather than metallic state. Moreover, the
difference between normalized Sn K-edge spectra at —0.15 V and
0.05 V for the sr-Ni plate suggests the potential dependence of Sn
species on Ni, details of which are discussed later from the extended
X-ray absorption fine structure (EXAFS) analysis. The trace amount
of solution may remain on the sr-Ni plate due to capillary action for the
rough surface during emersion to give the contribution of Sn>* ions
to the Sn K-edge XAS spectra. The average thickness of the solution
remained on the sr-Ni plate was estimated to be about 20 pm from the
gravimetrical measurement.!” The amount of Sn’>* ions in the solution
with a thickness of 20 wm is 1.2 x 10'3 ions cm~2. The amount of Sn
species adsorbed on Ni in the UPD potential range more noble than
the equilibrium potential for electrodeposition of Sn would not exceed
the Sn-monolayer as generally accepted for many UPD systems.>%
The amount of Sn atoms corresponding to the monolayer on smooth
Ni (111) surface is calculated to be 1.73 x 10" atoms cm~2 by taking
into account the difference in atomic radius between Sn (rg, = 1.40 A
for a-Sn) and Ni (ry; = 1.25 A). Therefore, the amount of Sn atoms
corresponding to the monolayer on the sr-Ni plate surface is estimated
to be 1.36 x 10'7 atoms cm~? by multiplying 1.73 x 10'> atoms cm ™2
by the surface roughness (S, = 78.3). The comparison between the
amount of Sn atoms corresponding to the monolayer on the sr-Ni plate
surface and the amount (1.2 x 10" ions cm~2) of Sn>* ions contained
in the remained solution layer suggests that the contribution of Sn**
to the Sn K-edge XAS spectra is negligibly small (less than 1%).

EXAFS analysis.— The local atomic structure of the Sn-UPD layer
on Ni and its potential dependence can be evaluated from the EXAFS

k> Weighted EXAFS Function

K/ Al

Figure 7. K3—Weighted EXAFS functions (K3x vs. k curves) obtained the Sn
K-edge XAS spectra at —0.15 V and 0.05 V for the sr-Ni plate.

analysis. The oscillatory part, x (k) of the Sn K-edge XAS spectrum
above the absorption edge for the sr-Ni plate was extracted as a func-
tion of wave number, k, by removing the smooth background. Figure 7
shows the «3-weighted EXAFS functions (> vs. k curves) obtained
the Sn K-edge XAS spectra at —0.15 V and 0.05 V for the sr-Ni plate.
The EXAFS features are discernible from the Fig. 7 although the data
are noisy in the k range higher than 12.5 A~'. The subtraction of the
blank spectrum from the raw XAS spectra (Fig. 5) may provide the
noisy EXAFS data in the high k-range. The window of k = 2.5 A~" to
125A! , therefore, was set for Fourier transforming the EXAFS data.
Figure 8 shows the radial structure functions (| X (R)| vs. R curves) ob-
tained by Fourier transforming the EXAFS data for the sr-Ni plate
kept at various potentials. The radial structure functions in Fig. 8 have
two major peaks, P, at R =1.7 A and PgatR=22 A, the heights of
which depend on the potential. The peak height at R = 1.7 A increases
as the potential shifts to the noble direction, while the peak height at
R = 2.2 A decreases reversely. These two peaks correspond to the
first few coordination shells in the vicinity of absorbing Sn atoms.
Moreover, the small broad peaks or multiple peaks are observed in the
range of R =3 ~ 4 A. These small peaks, however, have no systematic
potential dependences although the broad peak at 0.05 V is relatively
high.

Radial Structure Function

1 2

3
R/A

Figure 8. Radial structure functions (|x (R)| vs. R cur\ies) obtaineduby Fourier
transforming the EXAFS data in the range of k = 2.5 A=! to 12.5 A~! for the
sr-Ni plate kept at various potentials.
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Figure 9. Radial structure functions of Sn standard materials (3-Sn foil, SnO;
and SnO) obtained under the same condition of Sn K-edge XAS measurement.

The radial structure functions of Sn standard materials (8-Sn foil,
SnO; and SnO) obtained under the same conditions of Sn K-edge XAS
measurement are shown in Fig. 9 for comparison. The radial structure
function of SnO, in Fig. 9 has one major peak at R = 1.7 A and
multiple peaks in the range of R = 2.5 ~ 4 A, which is consistent with
the literature.’® The major peak at R = 1.7 A in the radial structure
function of SnO, corresponds to the nearest neighbor (inter-atomic)
Sn-O distance in SnO, and the multiple peaks in the range of R = 2.5
~ 4 A are associated with the nearest or second near neighbor Sn—
Sn distance in addition to the second near neighbor Sn-O distance.
The major peaks at R = 1.85 A and 3.3 A in the radial structure
function of SnO correspond to the nearest neighbor Sn-O and Sn-Sn
distances in SnO, respectively. According to the crystallography?’ of
Sn oxides, the nearest neighbor Sn-O distance (ds,.0 = 2.05 A) for
SnO, is shorter than that (ds,.0 = 2.22 A) for SnO. The difference
in radial structure function between SnO, and SnO is consistent with
the crystallographic data®” of Sn oxides. The major peak at R = 2.8 A
in the radial structure functions of B-Sn corresponds to the nearest
neighbor Sn-Sn distance, which is also consistent with the literature.*®
The position (R = 1.7 A) of the major peak, P4, in the radial structure
functions of the sr-Ni plate (Fig. 8) is close to that of the major peak in
the radial structure functions of SnO, or SnO (Fig. 9), indicating that
the peak, P4, in Fig. 8 is associated with the Sn-O interaction. The
position (R = 2.2 A) of the major peak, Py, in Fig. 8, however, does
not coincide with those of any major peaks for the radial structure
functions of Sn standard materials as shown in Fig. 9. This means that
the peak, Pg, is associated with the Sn-Ni interaction. The shapes and
features of the small broad peaks or multiple peaks at R = 3 ~ 4 A
in Fig. 8 are not strictly the same as those at R = 3 ~ 4 A for SnO, in
Fig. 9.

The radial structure functions of Sn species adhered to the Kapton
window and of Sn colloid'’ prepared from acidic perchlorate solution
containing 10~ M Sn** are also shown in Fig. 10 to compare with
that of SnO,. Although the radial structure functions of three samples
in Fig. 10 are similar each other, the amplitude (particularly in the
range of R > 2.5 A) at the ordinate of radial structure function for the
Sn species adhered to the Kapton window is significantly attenuated
as compared with that for SnO, or Sn colloid. It appears that the
Sn species adhered to the Kapton window have highly disordered
structures®®*° like amorphous Sn hydrous oxides or hydroxides.

EXAFS parameters of the Sn-UPD layer on Ni.— All peaks in ra-
dial structure function are usually shifted to lower distances compared
to the real inter-atomic distance due to the phase shift associated with
interaction of the photoelectron wave with the potential of the absorb-

14 — —]
12 — ]
.......... Sno,
10 - —— Kapton —
Sn colloid

Radial Structure Function

R/A

Figure 10. Radial structure functions of Sn species adhered to the Kapton
window and of Sn colloid!? prepared from acidic perchlorate solution contain-
ing 1073 M Sn?* for comparison with that of SnO».

ing and the backscattering atoms. In this study, the determination of
the EXAFS parameters (inter-atomic distance, d, coordination num-
ber, N, and Debye-Waller factor, o2, energy shift, AE, and R-factor,
Ry) are limited to the two shells of Sn-O and Sn-Ni corresponding
to the major peaks, P, and Py in radial structure functions of Fig. 8
since the small broad or multiple peaks in the range of R > 2.5 A are
noisy and have no systematic potential dependences. It is assumed as
the first step that the uppermost surface of the sr-Ni plate exposed to
solution is mainly oriented to the (111) plane as well as in our previ-
ous study of Pb-UPD on Ni.!” For the determination of the EXAFS
parameters, surface structure model suitable for the Sn-UPD layer on
Ni (111) is proposed at first, the radial structure function based on the
proposed model is simulated and the curve fitting is eventually per-
formed between simulation and experiment for the two shells of Sn-O
and Sn-Ni, using the program FEFF 8.2.4%4! As a result, the best fit is
for the Sn-incorporation model in which Sn atoms are substituted like
a surface alloy at face-center-cubic (fcc) sites in the first Ni layer (see
Fig. 11a) and further bonded with oxygen atoms. The curve fitting
was also performed for the Sn-overlayer model in which Sn atoms
are situated on the three-fold hollow sites of the nearest neighbor Ni
atoms in the first Ni layer (see Fig. 11b) and further bonded with
oxygen atoms. The Sn-overlayer model, however, could not bring a
good fit. Figures 12 and 13 show the results of curve fitting based on
the Sn-incorporation model for (a) k3-weighted EXAFS functions and
(b) radial structure functions of the sr-Ni plate at —0.15 V and 0.05 V,
respectively. The EXAFS parameters obtained with curve fitting are

O Ni atom
Q Sn atom

a : Sn-incorporation Model b: Sn-overlayer Model

Figure 11. a: Sn-incorporation model and b: Sn-overlayer model proposed
for geometrical configuration of Sn and Ni atoms corresponding to the Sn-Ni
shell.
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Figure 12. Results of curve fitting based on the Sn-incorporation model for
(a) k3-weighted EXAFS function and (b) radial structure function of the sr-Ni
plate at —0.15 V.

listed in Table I. The inter-atomic distances between Sn and O,
dspo0 = 2.03 ~ 2.04 A, and between Sn and Ni, ds,ni, = 2.55
~ 2.57 A are almost independent of potential, while the coordination
numbers of Sn-O, Ns, 0, and of Sn-Ni, Ng, i, exhibit the opposite
potential dependences, that is, Ns, o increases from 1.5 to 2.9 but
Nsnni decreases from 7.1 to 4.6 as the potential shifts to the noble
direction. The values of ds,,. o and Ng, n; for the sr-Ni plate at —0.22 V
could not be evaluated because of lacking in clear peak corresponding
to the Sn-O interaction. The small values of Ry = 0.004 ~ 0.012 in
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6 I I I I I I

(a) —— measured
~~~~~~~~~~ calculated
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Figure 13. Results of curve fitting based on the Sn-incorporation model for
(a) K3—weighted EXAFS function and (b) radial structure function of the sr-Ni
plate at 0.05 V.

Table I evidence the excellent match between measured and calculated
curves.

The sr-Ni plate usually consists of polycrystalline surfaces which
contain (111), (100) and (110) facets and defective sites, although the
surface structure model suitable for Sn UPD layer on Ni is limited
to the Ni (111) plane. For the Sn-incorporation model, the theoretical
coordination numbers of Ni are 9, 8 and 7 for the (111), (100) and
(110) planes, respectively, which match the experimental values of
Nsnni in Table 1. The limitation to the Ni (111) plane, therefore, may

Table I. EXAFS parameters obtained with curve fitting for two shells of Sn-O and Sn-Ni based on the Sn-incorporation model.

Sn-O shell Sn-Ni shell
E V) Nsn-0 dsn-0(A) o? (A% AEy(eV) Nsn-ni dsn-Ni(A) o2 (A% AEo(eV) Re
—-0.22 - - - - 7.1 2.55 0.0109 —2.57 0.012
—0.15 1.5 2.04 0.0012 3.07 5.7 2.57 0.0102 0.10 0.004
—0.05 1.9 2.03 0.0017 1.46 5.6 2.57 0.0108 —0.59 0.008
0.0 2.3 2.04 0.0026 4.58 4.8 2.57 0.0109 —0.99 0.009
0.05 29 2.03 0.0021 3.30 4.6 2.55 0.0109 —3.14 0.005

E, potential referred to the standard hydrogen electrode (SHE); Nsp.0 and Nsy.ni, coordination numbers; dsp.0 and dsp.Ni, inter-atomic distances; o2,
Debye-Waller factor; AE,, energy shift; Ry, R-factor (goodness-of-fit). Both uncertainties of dsp-o and dsy-n; are £ 0.01 A.
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be unnecessary for the Sn-incorporation model. In general, the inter-
atomic distance between metal and oxygen, dy.o, for metal oxides
increases with decreasing metal valence (e.g., dsp.o = 2.05 A for
Sn0,% and dg, 0 = 2.21 A for Sn0).37 The value of ds, o for the
sr-Ni plate, however, is slightly small as compared with that (ds,.0
= 2.05 A) for SnO, in spite of that Sn atoms are bonded with Ni
atoms. This may result from the peculiar configuration of Sn atoms
surrounded by Ni and O atoms as discussed later. As shown in Table I,
the potential dependence of Ns, n; is compensated with that of Ng, o,
i.e., the summation of Ngy,.0 + Nspni = 7.1 ~ 7.5 is irrespective of
potential. The Sn-incorporation model takes a theoretical value of
Nsani = 9 for the Ni (111) plane if the Ni atoms in the first and
second Ni layers for the sr-Ni plate occupy completely the fcc sites.
The real surface of the sr-Ni plate would have the defective structure
with partly vacant Ni-fcc sites because of large surface roughness. It
is deduced that the increase in Ni-vacant site leads to the decrease
in Ng,ni- The potential dependence of Ng,n; in Table I means that
the Ni atoms surrounding central Sn atom are gradually removed
from the fcc sites to create the Ni-vacant sites as the potential shifts
to the noble direction. Moreover, the potential dependence of Ng,.0
in Table I suggests that the number of oxygen atom bonded with
central Sn atom increases to occupy the Ni-vacant sites, which would
stabilize energetically the Sn-UPD structure. In the XAFS study*? of
nano-crystalline Pt electrode, it has been reported that Np.p, decreases
while Np o increases as the potential shifts to the noble direction. The
results are explained in terms of place exchange of Pt atom by O atom
in fcc sites prior to the formation of PtO monolayer, which supports
our explanation for the opposite potential dependences of Ns,n; and
NSn-O-

The value of ds, i, =2.55 ~2.57 Ain TableIis significantly small
as compared with that (ds,.ni, = 2.65 A) expected for a hard sphere
model based on the metallic radii (rg, = 1.40 A and ry; = 1.25 A)
of bulk crystalline o-Sn and Ni. If the effective radius of Ni atoms
surrounding central Sn atom is unchanged from that of the bulk, the
effective radius of central Sn atom is estimated to be rg, = 1.31 A,
which is less by 0.09 A than that (rs, = 1.40 A) of bulk crystalline
a-Sn, indicating that the bond between Sn and Ni is covalent.* The
significant decreases in effective radius of the adsorbate at formation of
surface alloy were reported for the vapor-deposition of Sn monolayer
on Ni (111)** or on Cu (111)* and of Pb monolayer on Ni (111).%
These results are consistent with the value of ds,ni, = 2.55 ~ 2.57
A for the sr-Ni plate obtained by fitting with the Sn-incorporation
model. When Sn atoms are adsorbed on the Ni surface, the large
compressive surface stress or surface strain would be produced due
to the large difference between radii of Sn and Ni atoms as pointed
out by Ibach.*® The decrease in rg, at the surface alloy formation in
spite of the immiscibility of Sn in bulk Ni is energetically preferable
since the relaxation of compressive surface stress or surface strain is
brought by the decrease in rg,. The decrease in rg, would influence
the value of ds, o for the sr-Ni plate. The effective radius of O atom,
ro = 0.67 A is estimated from the single-covalent bonding length*
between 0-0, do.o = 1.34 A. If assuming ds, o = rsy + ro, the value
of dsno = 1.98 A is obtained by using the value of rg, = 1.31 A,
indicating that the decrease in rs, brings the small value of ds, o for
the sr-Ni plate as compared with that (ds,.0 = 2.05 10\) for SnO,.

It is known that Ag species adsorbed on Au®® and Pb species ad-
sorbed on P! in the UPD potential region are in metallic state. Our
previous in situ XAS study has also revealed that the Pb species ad-
sorbed on Ni in the UPD potential region are metallic.'” In contrast,
it has been reported that the Sn species adsorbed on Pt in the UPD
potential region are oxygenated.* The Sn-UPD on Pt has been studied
using a variety of electrochemical and spectroscopic techniques with
relation to the electro-catalytic activity of Sn-decorated Pt. Lamy-
Pitara et al.’ have pointed out that the electrochemical and catalytic
properties of Pt electrode are irreversibly modified by Sn-UPD and
depend strongly on the Sn-UPD conditions. The irreversible modifi-
cation by Sn-UPD was ascribed to the strong bonding of Sn atoms
with Pt and O atoms. The XAS measurements* at Sn K-edge made

for the Sn-UPD on Pt, however, were unable to confirm the bond
between Sn and Pt atoms. In the present XAS study for the Sn-UPD
on Ni, it has been confirmed that Sn atoms are bonded with Ni and
O atoms.

Local structure of the Sn-UPD layer on Ni.— Ku and Overbury*
have found that when Sn monolayer evaporated on to the Ni (111)
substrate is annealed at 650 K in vacuum, the Sn atoms are incor-
porated into the substrate surface to form a surface alloy phase with
(V3 x /3)R30° ordering (Sn surface coverage of one third mono-
layer). The surface alloy phase with (+/3 x +/3)R30° is also formed
by annealing the Sn monolayer evaporated on to the Pt (111) or
Cu (111) substrate.* Moreover, the formation of surface alloy with
(v/3 x ~/3)R30° or p(2 x 2) was observed even at room temperature
for the Pb monolayer evaporated on to the Cu (111).> The near-
est neighbor Sn-Ni shell (Ng,.ni = 9) in the Sn-incorporation model
proposed for the Sn-UPD layer on Ni (111) has the same atomic
configuration as that of the surface alloy phase with (+/3 x +/3)R30°
Assuming that the Sn-UPD layer on Ni takes the surface alloy structure
with (+/3 x +/3)R30° and the atomic radius of Ni atom (ry = 1.25 A)
is unchanged, the values of ds, s, = 4.33 A and Nsn.sn = 6 are expected
as the EXAFS parameters corresponding to the nearest neighbor Sn-
Sn shell. The evaluation of ds,_s, and Ns,_s, from the radial structure
functions in Fig. 8, however, could not be achieved because of the
noisy EXAFS data in the range of k > 13 A~ (in Fig. 7) that would
lead to no systematic potential dependences of the radial structure
functions in the range of R > 2.5 A. Besides, some of the small broad
peaks or multiple peaks in the range of R > 2.5 A of Fig. 8 may
be associated with the second near neighbor Sn-O or Sn-Ni shell,
which makes more difficult the separation between the nearest neigh-
bor Sn-Sn shell and the second near neighbor Sn-O or Sn-Ni shell. At
present, therefore, it is unable to ensure the formation of surface al-
loy phase with (+/3 x ~/3)R30° from the radial structure functions of
Fig. 8.

The real surface structure of the Sn-UPD layer on Ni would be
much complicated than the simplified Sn-incorporation model. The
sr-Ni plate surface may have many stepped and defective structures
because of the large surface roughness. The coordination numbers
(Nsn.o and Ng, n;) would not be uniform for each Sn-occupation site.
The values of Ng,.0 and Ng,.n; obtained in Table I are only averaged
ones for each Sn-occupation site. Nevertheless, the EXAFS analysis
based on the simplified Sn-incorporation model could throw a new
light into the Sn-UPD layer on Ni which has never been studied so
far. Particularly, it is remarkable that the Sn atoms are bonded with O
atoms in addition to the covalent bonding with Ni atoms as surface
alloy. Moreover, as the potential shift to the noble direction, Ns,.0
increases while Ng, n; decreases in spite of that both ds, o and dg;, ni
are potential-independent. It is sure that the strong inhibition effect of
Sn on aqueous corrosion of Ni (Fig. 1) results from the bonding of Sn
atoms with O atoms in addtion to the covalent bonding of Sn atoms
with Ni atoms. In the case of the inhibition effect of Pb on aqueous
corrosion of Ni, although the anodic dissolution of Ni is suppressed by
the UPD of metallic Pb on Ni, the re-activation of anodic dissolution
takes place due to the anodic stripping of metallic Pb as the potential
shifts to the noble direction prior to the passivation.!'® In the case of the
inhibition effect of Sn on aqueous corrosion of Ni, the Sn-UPD layer
on Ni suppresses not only the anodic dissolution of Ni but also the
re-activation of anodic dissolution as shown in Fig. 1. The bonding of
Sn atoms with O atoms and the increase in N, o with shift in potential
to the noble direction suppress the anodic stripping of the Sn-UPD
layer on Ni since the oxygenated Sn species could remain on the Ni
surface to cover the active dissolution sites. Our recent XPS analysis'®
has confirmed that the oxygenated Sn species are present on Ni in the
passive potential region. In situ XAS measurements have succeeded
in proving the local structure of the Sn-UPD layer on Ni and have
contributed to understanding on an atomic level of the Sn inhibition
effect on aqueous corrosion of Ni.
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Conclusions

In situ XAS measurements at Sn K-edge are made by using the
periodical emersion method and employing the sr-Ni plate to probe
the local structure of Sn-UPD layer on Ni in 0.2 M perchloric acid and
to provide a new insight into the inhibition effect of Sn on aqueous
corrosion of Ni. The EXAFS analysis indicates that the Sn atoms are
substituted at fcc sites in the first Ni layer and further bonded with oxy-
gen atoms. Both the values of ds,.o =2.03 ~2.04 A and dsnni = 2.55
~2.57 A are independent of potential. The value of rs, = 1.31 A
obtained from ds, n; = 2.55 ~2.57 A assuming ry; = 1.25 A for the
substrate Ni is significantly less than that (rg, = 1.40 A) for bulk «-Sn,
indicating that the bond between Sn and Ni atoms is covalent. The
slightly small value of dg,.o = 2.03 ~2.04 A as compared with that
(dsn.o = 2.05) A for SnO, results from the decrease in rs, due to the
strong covalent bond between Sn and Ni atoms like a surface alloy. As
the potential shifts to the noble direction, the value of Ns, ¢ increases
from 1.5 to 2.9 while the value of Ng,n; decreases from 7.1 to 4.6.
The value of Ns,0 + Nsnni = 7.1 ~7.5, however, is irrespective of
potential.

The bonding of Sn atoms with O atoms in addition to the covalent
bond between Sn and Ni atoms prevents the anodic stripping of Sn
UPD layer and the strong inhibition effect of Sn on aqueous corrosion
of Ni is brought by the coverage of the active dissolution sites with
oxygenated Sn species. The difference between inhibition effects of
Sn and Pb on aqueous corrosion of Ni is directly associated with
the difference in local structure between Sn-and Pb-UPD layers on
Ni. In-situ XAS measurements have revealed the difference in local
structure between Sn- and Pb-UPD layers on Ni from which the
difference between corrosion-inhibition mechanism of Sn and Pb for
Ni is resolved on an atomic level.
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