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1. Introduction

Metals and metallic alloys in electrolyte such as sea water suffer
from galvanic corrosion caused by a gradient of the electro-
chemical potential between cathodic and anodic regions.[1]

In case of composite materials or alloys, such gradients arise also
locally, even on the microscopic scale, because of the different
nobilities, i.e., electrochemical potential of the contained

elements/materials (see e.g., the study
by Örnek et al.[2]). Exposed to electrolyte,
local variations in nobility, i.e., variations in
the electrochemical potentials, cause local
potential differences, giving rise to local
cathodic and anodic reactions and thus
localized corrosion processes.[3]

Corrosion is typically associated with
the anodic part of the reaction because of
the associated oxidation and/or removal of
material. However, the cathodic reaction
can have a major influence on the corro-
sion process. In particular, the destructive
effect of hydrogen absorption as a conse-
quence of the cathodic hydrogen evolution
reaction is well known.[4–6]

The total annual cost due to corrosion is
substantial, exceeding 3% of global GDP.[7]

Galvanic corrosion is particularly impor-
tant because most metals of practical use
are alloys. Steel, a most widely used con-
struction material, is an alloy, depending
on its application, composed of different

metallic (and some nonmetallic) components with different
nobilities. Many applications require steels that provide a high
degree of corrosion resistance in harsh environments. For stain-
less steel (SS), this is facilitated by a rather thin, oxidized, passive
surface region of just a couple of nanometer thickness.[8–11]

Its specific properties protect the surface of the alloy from corro-
sion attack.[12,13] Unfortunately, the thus-achieved protection is
not perfect. SS suffers in particular from a form of corrosion,
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An �4 nm FeCrNi film, deposited on a Ru/B4C multilayer (ML), is used to study
cathodic hydrogen charging in electrolyte. A thin film on a ML allows obtaining
precise quantitative information on surface metal composition and oxidation
state using the X-ray standing wave technique combined with near-edge X-ray
absorption spectroscopy. The metal composition is found being close to the
composition of stainless steel (SS) 304, and, as for bulk steel, the outer 2 nm
passive layer, consisting of oxidized iron and chromium, is depleted of nickel.
Overall, it is found that the film represented a useful replica of the surface of bulk
steel. Following exposure to 0.1 M KCl electrolyte at �0.6 V versus Ag/AgCl, 11.3
(�3)% swelling of the film by hydrogen absorption is observed. The estimated
absorbed amount is exceeding reported bulk absorption under similar conditions
by more than an order of magnitude. Strong hydrogen absorption appears to be
enabled by the 2D character of the thin film, i.e., a significantly lower associated
strain energy compared with bulk absorption. The strong surface swelling is
suggested to be related to the lowering of the pitting corrosion resistance of SS
surfaces reported following hydrogen exposure.
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called pitting,[3,14–17] which starts locally, on a small scale but
eventually can become very destructive. The conditions and
processes that initiate, govern, and/or influence the onset of
corrosion, in particular, the destruction of the passive layer are
subject of intense research. Investigating the microscopic root
cause of the process requires techniques, being able to analyze
surface/interface structure and chemistry on the atomic scale.

For gaining more information on surface processes upon
galvanic corrosion, a combination of state-of-the-art X-ray spectro-
scopic techniques namely X-ray absorption near-edge structure
(XANES),[18] and X-ray standing waves (XSW)[19–21] is used here.
To trace structural and compositional changes down to the atomic
level, an about 4 nm-thick iron–chrome–nickel film is used as the
model of the crucial surface region of SS. A multilayer (ML) serves
as the substrate, allowing using XSW measurements under
Bragg’s diffraction condition. In this way, the detailed depth profile
of chromium, iron, and nickel is obtained. XANES is sensitive to
the local environment and oxidation state of the absorbing atom.
Performed under XSW excitation, XANES reveals the oxidation
states of Cr, Fe, and Ni depth-selectively in the surface region.
In this way, we resolved depth-selectively the composition of the
film and changes following electrolyte exposure. Hydrogen absorp-
tion at cathodic potential caused major swelling of the film, which
most probably was accompanied by disruption of the film.

Hydrogen absorption and destructive expansion of steel is well
known. As mentioned earlier, it may happen or be enhanced
locally, on the microscopic scale, driven by gradients in the
electrochemical potential, resulting from local inhomogeneities
in steel surface composition.[22–25] These are—whether they
originate from material composition variations, impurities,
and specific features from production or processing—generally
understood to be the root cause for pitting corrosion.[3,16,26,27]

The findings presented here shed new light on reports that
hydrogen loading decreases the resistance of SS to pitting
corrosion,[3,16,27–30] finally leading to embrittlement.[4–6]

2. X-Ray Standing Wave Analysis

An XSW is created during Bragg reflection. Its planes move
inward by 1.85 nm, i.e., by half the d-spacing of the ML[20,31,32]

(Figure 1a) when crossing the range of reflection. The XSW
maxima move inward from a “position” defined as P¼ 0.5 via
P¼ 0.25 to P¼ 0, and the mimima are moving from P¼ 1 via
0.75 to P¼ 0.5. The “position” P corresponds to a real-space
position z (in the following associated with the film thickness)
normalized to the wavefield spacing, which is identical to the
ML “lattice spacing” dML, i.e., P ¼ z=dML. As the XSW is periodic,
P is only defined modulo n (integer n) and, e.g., P¼ 0 and P¼ 1
are equivalent.

Due to the XSW movement, the emission profile of atoms
located on the surface of the ML is modulated, as it is clearly
visible for the K-fluorescence intensity of Cr, Fe, and Ni,
as shown in Figure 1b. Such emission profiles have the generic
form[31]

YðEγÞ ¼ IðEγÞ=I0 ¼ 1þ RðEγÞ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffi

RðEγÞ
q

Fc cos½vðEγÞ � 2πPc�
(1)

In this case, YðEγÞ is the normalized X-ray fluorescence yield
of Cr, Fe, or Ni, recorded when traversing the Bragg reflection.
The intensity IðEγÞ is normalized by the corresponding intensity
I0 measured far outside the range of Bragg reflection, i.e., for
reflectivity RðEγÞ ¼ 0.[31] The phase difference vðEγÞ between
incident and reflected waves is calculated with the knowledge
of Eγ, the Bragg angle, and the structure of the ML (see the
studies by Bedzyk and Libera[32] and Supporting Information).
The parameter Pc called coherent position describes a “mean”
position hzmi of the distribution, here of the metal component
(m¼ Cr, Fe, or Ni) normal to the reflection planes in fractions
of the spacing of the XSW, i.e., hzmi ¼ dML ·Pc ðmod nÞ, and
the parameter Fc (coherent fraction) describes the width of the

Figure 1. XSW analysis of FeCrNi film on RuB4CML. a) Schematic of the thin film on the ML, indicating three positions of the X-ray standing wave for the
low-energy (L), center (C), and the high-energy (H) side of the rocking curve, the three conditions selected for the XANES measurements. Traversing the
rocking curve, the XSW maxima move inward by half the wavefield spacing dML from P¼ 0.5 via 0.25 to P¼ 0/1 and the mimima move from P¼ 0/1 via
0.75 to P¼ 0.5. Because of the periodicity of the XSW, P values are defined on a scale 0–1, modulo n, with P¼ 0 and P¼ 1, thus being equivalent.
b) Result of the XSW measurement for the pristine film (symbols) and fits to the data (lines). The curves for Cr and Ni are vertically shifted for clarity.
c) Best fit square box models of the distribution of Ni, Cr, and Fe in the film. The experimental coherent positions Pc and fractions Fc are very well
reproduced. Only the width of the distribution of Fe extends beyond the wavefield spacing dML¼ 3.91 nm.
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distribution around this mean position[20,31] (see Supporting
Information for more details). Both parameters are defined on
a scale from 0 to 1, with Fc ¼ 1 representing a delta-function-
like sharp distribution and Fc ¼ 0 describing a uniform distri-
bution over the whole range of the wavefield spacing dML.
Mathematically and more precisely, Fc and Pc of Ni, Cr, and
Fe represent the amplitude and phase, respectively, of the
coefficient H of the Fourier decomposition of the real-space
distribution of the corresponding element, with H ¼ 1=dML.
Because of the periodic nature of the XSW, Pc values define real
distances only modulo XSW period, here the d-spacing dML of the
ML. Distances beyond dML cannot be determined without using
additional information.

3. Results and Discussion

3.1. Pristine Film

The results of the XSW measurements for the pristine steel film
are shown in Figure 1b. The yield curves of Cr, Fe, and Ni reveal
clear differences, which means that the depth distribution
of Cr, Fe, and Ni is not the same in the film. Equation (1) is fitted
to each yield curve by varying Fc and position Pc. The results of
best fits are shown in Figure 1b and Table 1. Both, Fc and Pc are
significantly different for all three metals, meaning that both, the
center of gravity and the width of the distributions, are different
for all three metals. Judging by the coherent fractions Fc,
Ni exhibits the narrowest and Fe the widest distribution. The
coherent position Pc of Fe is the smallest, smaller than that
for Ni, the coherent position of which in turn is smaller than that
for Cr. However, the conclusion that Fe would be concentrated
below Ni and Cr is premature.

Just by one XSW measurement, i.e., with one Fourier
component for each of the metals, finer details of their distribu-
tion cannot be resolved. However, using a simple square box-like
distribution, assuming constant concentration of each metal over
a certain depth, the measured coherent fractions and positions
can be reproduced and characteristic differences in the metal
distribution can be resolved. Calculating the Fourier coefficients
of a square box is a textbook problem. Assuming a square box
profile, the experimental coherent positions mark the centers of
the box profiles, i.e., Pc¼ (P2þ P1)/2, where P2 and P1 are the two
boundaries of the box. The width of the box ΔP ¼ P2 � P1 is

determined by the coherent fraction Fc ¼ 1=ðΔP·πÞ sinð2π· ΔP
2 Þ

(see Supporting Information for more details). Thus, to obtain
the boundaries, ΔP is varied until the correspondingly calculated
Fc best agrees with the experimental Fc.

The distribution of Fe extends beyond one XSW period, which
is the reason for the coherent position, the seeming “mean
position,” being smaller than that for Cr and Ni. When the width
ΔP of the box profile distribution ranging from P1 to P2 increases,
the coherent position increases, given by Pc ¼ P1 þ ΔP=2. Once
ΔP approaches 1.0, the width approaches the spacing dML of the
XSW, the coherent position approaches Pc ¼ P1 þ 0.5, accompa-
nied by the coherent fraction going to zero. With ΔP increasing
beyond 1.0, the coherent fraction increases again. However, the
coherent position undergoes a phase jump. It increases further
but starting again from P1 according to Pc ¼ P1 þ ΔP�1

2 (see the
Supporting Information for more details).

Coherent fractions and positions for the three best-fitting
square box profiles are shown in Table 1 and the corresponding
boundaries P1 and P2 of the boxes are shown in Table 2.
With P values translated into real-space distances/thicknesses,
the resultant profiles are shown in Figure 1c. The experimental
Fc and Pc values are very well reproduced. Using the metal
concentration ratios of Fe/Cr¼ 4.3 and Fe/Ni¼ 9.0, as deter-
mined by X-ray fluorescence analysis, the concentrations are
scaled and the total atomic concentrations of the metals as func-
tions of film thickness ts are calculated and shown in the upper
panel of Figure 1c.

XSW analysis reveals clearly that �0.5 and �2 nm of the
surface region is depleted of Cr and Ni, respectively. This is
rather similar to the metal distribution in the surface of bulk
SS 304[12,23,33] and in agreement with reports[8,12,23] that the
�2 nm passive film on bulk steel is nickel free. According to
the XSW derived model, the total thickness of the film is
�4.5 nm, in good agreement with the X-ray reflectivity (XRR)
data, but the metal density of the top 2 nm is reduced due to
surface oxidation, as shown by the XSW/XANES measurements
discussed in the following paragraphs. Overall, the deduced com-
position of the film is comparable with the surface composition
of bulk SS304.[8,12,23,33]

XANES measurements, to be published in a forthcoming
report,[34] revealed that about 80%, 70%, and 20% of Cr, Fe,
and Ni, respectively, in the film were oxidized. To investigate

Table 1. Coherent fraction Fc and position Pc for Cr, Fe, and Ni obtained
by fitting Equation (1) to the XSW data for the pristine and KCl exposed
film and corresponding values calculated for a simple square box model.

Metal
component

Pristine After exposure to KCl

Fc Pc Fc Pc

Fe Exp. results 0.05� 0.03 0.50� 0.03 0.13� 0.04 0.62� 0.03

Box model 0.05 0.50 0.17 0.59

Cr Exp. results 0.15� 0.04 0.93� 0.03 0.10� 0.04 0.00� 0.03

Box model 0.15 0.93 0.10 1.00

Ni Exp. results 0.50� 0.05 0.72� 0.03 0.45� 0.05 0.79� 0.03

Box model 0.49 0.72 0.45 0.79

Table 2. Boundaries P1 and P2 as well as widths ΔP¼ P2 – P1 of metal
distributions determined from experimental Fc and Pc based on square
box model. Expansion factors eF and eP are calculated based on the
experimental Fc only (eF) as well as considering Pc (eP).

Expansion e [%]

P1 P2 ΔP eF eP

Pristine Fe 0.48 1.52 1.04

Cr 0.5 1.36 0.86

Ni 0.42 1.02 0.6

H-exposed Fe 0.58 1.74 1.16 11.5 15.4

Cr 0.55 1.45 0.9 4.7 8

Ni 0.475 1.105 0.63 5.0 23
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the oxidation status of the metals depth-selectively, XANES
measurements were carried out under XSW excitation, enhanc-
ing the X-ray intensity in three distinct regions in the steel film[35]

(Figure 1a). Such measurements require adjusting the angle of
incidence when changing the energy, such that XSW does not
move during the XANES scan.

The position of XSW is encoded in the rocking curve
(Figure 1a). Passing the range of Bragg reflection, XSW moves
inward by dML

2 .[21,31] The three XSW positions in the steel film
chosen for XSW/XANES measurements are schematically
shown by the three schemes of XSW in Figure 1a. They corre-
spond to a reflectivity of 50% on the left slope (L¼ low-energy
side), at the maximum (C¼ center), and at a reflectivity of 50%
on the right slope (H¼ high-energy side) of the rocking curve
(Figure 1b).

XANES spectra for Cr, Fe, and Ni acquired under these three
conditions are shown in Figure 2. At the low-energy side (L) and
at maximum (C), the dominant weight of X-ray intensity in the
film is mostly located in its upper half, the surface region,
whereas at the high-energy side, the maximum weight of inten-
sity is located deeper in the film ( Figure 1a). This is reflected
in the Cr and Fe XANES spectra. The sharp XANES peak closest
to the K-edge is characteristic of the oxidized metal states
(Supporting Information). For Cr and Fe, the peak is most
pronounced at L and C and less so at the high-energy side H
of the rocking curve. This clearly shows that Cr and Fe are
oxidized in the surface region and exhibit a more metallic char-
acter deeper below. The XANES spectrum of nickel, located
deeper, close to the B4C interface, shows a mostly metallic char-
acter, and the shape hardly changes with the XSW movement.
The XSW/XANES measurements confirm that the composition
of the steel film resembles the surface composition of bulk
SS304.[8,12,23,33]

3.2. Electrolyte Exposed Film

Under control of a potentiostat, the film was exposed for 30, 120,
and finally 480 s to 0.1 M KCl electrolyte at �0.6 V in a standard
three-electrode electrochemical cell with a silver/silver-chloride
(Ag/AgCl) reference and a Pt counter electrode.[34] The current

recorded during the final 480 s exposure, resulting in a charge
transfer of 0.030 A s cm�2, is shown in Figure 3a. The total trans-
ferred cathodic charge of all three exposures was 0.038 A s cm�2,
corresponding to a total electron transfer of 2.4� 1017e0 cm

�2.
The result of the XSW measurement, conducted ex situ

immediately after the last cathodic electrolyte exposure, is shown
in Figure 4a and Fc and Pc values are shown in Table 1.
Coherent fractions Fc and coherent positions Pc changed signifi-
cantly compared with the results for the pristine sample. The
coherent positions of all three metals increased and the coherent
fraction of Ni and Cr decreased, which can only be explained by
an increase in the thickness for Ni and Cr. The coherent position
for Fe increased almost twice as much as for Ni and Cr, whereas
the coherent fraction also increased. In fact, the increase in the
coherent fraction of Fe is also explained by an increase in the
Fe thickness. The reason being that the width of the intrinsic
Fe distribution was already slightly beyond the width of the

Figure 2. XANES spectra of Fe, Cr, and Ni for the pristine film. Passing the Bragg reflection curve from low-energy side (L) via center (C) to the
high-energy side (H), maximum XSW intensity moves from the oxidized surface region into the bulk of the film (Figure 1a). Clearly shown in the insets,
oxidation-related features in the Fe and Cr XANES decreased at H. The XANES spectrum of Ni, located ≥2 nm below the surface, reveals mostly metallic
character and does not change significantly with the XSW movement.

Figure 3. Exposure of steel film to 0.1 M KCl at �0.6 VAg/AgCl. a) Current
recorded for 480 s, exposure of 4 nm film and b) Fe K-edge XANES
spectrum of a 6.5 nm film recorded before and after exposure. Increase
in the pre-edge feature indicates the reduction of Fe oxide (Figure 2
and Supporting Information).
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XSW spacing dML. Further increase in the width leads to an
increase in both Fc and Pc. This behavior was discussed earlier
briefly and is elaborated in more detail in Supporting
Information. Thus, the whole film has expanded. Iron, being
distributed over the whole film thickness (Figure 1c), shows
the largest change in the coherent position.

The new metal distribution, modeled again by a square box
profile, is shown in Figure 4b. Except for the overall increase
in thickness, the distribution is rather similar to the intrinsic
distribution shown in Figure 1c. The new square box profile
of the distribution allows to reproduce Fc and Pc perfectly for
Cr and Ni, but only with some minor deviation for Fe, which
indicates that, not surprisingly, the box profile represents only
a first-order approximation. The parameters Pc and Fc obtained
by adjusting/fitting the box profile to best reproduce the data are
shown in Table 1 and 2.

With the help of the experimental coherent fractions and
based on the box model, the expansions eF of the distribution
of the three metals following hydrogen exposure can be calcu-
lated from the change in the widths ΔP (Table 2) of the intrinsic
box profile, i.e., eF¼ [ΔP(hydrogen) – ΔP(pristine)]/ΔP(pristine).
Exploiting also the measured coherent positions, the expansion
eP is given by eP¼ 2 ΔPc/ΔP(pristine), with ΔPc¼ Pc,H� Pc,P,
where Pc,H and Pc,P are the metal coherent positions of the
electrolyte exposed and the pristine film, respectively. Ideally,
eF ¼ eP, but as Table 2 shows, this is not the case, which is
another indication of the limitations of the square box model.
The scattering of the expansion coefficients is fairly large but they
consistently point to a significant expansion of the film. If we
assume the expansion being homogeneously the same for all
three metals, it can be estimated from the average of the six eF,
eP values as (11.3� 3)%.

The expansion can also be graphically modeled/simulated by
assuming, in a first-order approximation, that the width of the
pristine distribution of each of the three metals has expanded
linearly by a factor x, i.e., the widths of the square boxes of

the metals in the pristine film are increased by a factor x.
Accordingly calculated coherent fractions Fc and positions Pc

for each of the three metals are shown in Figure 4c as a function
of expansion factor x. Assigning a common expansion factor to
all three metals is (barely) possible, but within the limits or error,
an acceptable agreement of calculated and measured coherent
fractions and positions is achieved for x� 1.2 i.e., �12% expan-
sion of the film, marked by the dotted lines Figure 4c.

Thickness increase due to metal adsorption from the
electrolyte can be excluded based on X-ray fluorescence analysis
and because of the ultrapure chemicals used. Swelling of the film
by metal oxidation can also be excluded, as exposure to cathodic
potential of �0.6 VAg/AgCl leads to the opposite, i.e., metal oxide
reduction, proven by XANES (Figure 3b).

The increase in film thickness is caused by hydrogen
absorption. The cathodic current (Figure 3a) originates 1) from
reduction of metal oxide and solved oxygen and 2) from hydrogen
evolution (in part also causing metal oxide reduction[36]), as
described e.g., by Babić and Metikoš-Huković[37] and Dafft
et al.[38] Hydrogen evolution by electrochemical reduction
of hydrated hydrogen ions follows the so-called Volmer reac-
tion.[38,39] In near-neutral pH solution, as in this case, hydrogen
evolution occurs predominantly via reduction of water mole-
cules.[29] This produces in the first step surface-adsorbed atomic
hydrogen. A part of the adsorbed hydrogen reacts to form molec-
ular hydrogen via the Tafel or Heyrovsky reaction.[38] However,
in a parallel process, atomic hydrogen is absorbed.[38,40,41]

It is well known that hydrogen absorption causes lattice expan-
sion and eventually phase transformations of steel, leading
to a significant volume increase.[13,30,42–44] However, because of
competing processes mentioned earlier and to overcome strain
energy, significant bulk absorption typically requires high
cathodic current densities.[40,45,46] Bulk absorption of �25 at%
needs a current density of at least 2 mA cm�2 in 0.5 M H2SO4,
i.e., �30 times a higher current density than here (Figure 3a),
and absorption of 15 at% hydrogen leads to a 3% volume

Figure 4. a) XSW results after exposure to KCl electrolyte at�0.6 V. Symbols are data and lines are fits to the data using Equation (1). b) Metal distribution
with constant density profile best reproducing the experimental results. Note that the XSW results Pc¼ 0 and Pc¼ 1 are equivalent. c) Experimental and
calculated coherent fractions Fc and coherent positions Pc. Solid lines show Fc and Pc calculated for a linear expansion of the box models for Fe, Cr, and Ni,
as shown in Figure 1c. Short and long dashed lines indicate corresponding experimental results for the pristine and the electrolyte exposed film, respec-
tively, with experimental error bars indicated. Within the limits of error, a common value of x� 1.12, marked by dotted lines, is in agreement with the data.
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change.[40] By a simple linear extrapolation, the 11–12% volume
change found here requires absorption of �60 at% hydrogen,
i.e., 0.6 hydrogen per metal atom in the film. This points to
an astonishing absorption efficiency. Of the total electron trans-
fer of 2.4� 1017e0 cm

�2, recorded during exposure, a significant
amount (more than �10%) must have been invested in the
production of Hþ of which then 2� 1016 cm�2 subsequently
was absorbed by the steel film (containing 3.3� 1016 metal
atoms per cm2). Very significant hydrogen absorption into the
film had occurred obviously at a rather mild cathodic potential
and at more than an order of magnitude lower current density,
compared with typical hydrogen loading of bulk steel.

The lattice expansion following hydrogen absorption causes
significant compressive strain and the associated increasing elas-
tic energy limits the amount of hydrogen that can be absorbed
into bulk steel. Thus, decreasing the strain energy should allow
increasing the amount of hydrogen absorbed, which has indeed
been observed. Hydrogen absorption is enhanced when subject-
ing steel to tensile stress.[43,47,48] In this context, it is important
to realize that the surface, or a thin film, can easily expand in one
direction. Consequently, strain energy as well as the energy
barrier for transition from elastic to plastic deformation such
as buckling caused by hydrogen loading will be considerably
lower than for the bulk process. Obviously dimensionality
matters for the maximum uptake of hydrogen at given chemical
potential (of hydrogen) because of the corresponding scaling of
strain and deformation energy and the surface may be much
more severely affected by the hydrogen exposure than bulk of
the steel.

The here-observed hydrogen-induced expansion of �11% is
by far too large to be accommodated by elastic deformation,
whether in the bulk or thin film, and the swelling must be accom-
panied by plastic deformation.[46] This is consistent with reported
hydrogen-induced embrittlement.[4,30,49] Severe local structural
disruption of the protective passive layer induced by swelling
is also a plausible explanation for the reported hydrogen-induced
diminished resistance to pitting corrosion.[28]

4. Conclusions

In summary, an�4 nm-thick FeCrNi film with a metal compo-
sition close to SS 304 was used to study structural changes
induced by electrolytic hydrogen charging at cathodic potential.
Using a ML as a substrate, the XSW technique in combination
with XANES allowed analyzing the distribution and oxidation
state of Cr, Fe, and Ni depth-selectively. Approximating the
distributions of the three metals in the film by simple square
box profiles, the analysis revealed characteristic features of metal
distribution. The 2 nm passive surface layer consists of oxidized
Fe and Cr and is depleted of Ni. Structure and composition of the
film appear to represent a useful substitute for the real surface
region of SS.[8,12,23,33] Using such a thin film offers the advantage
of obtaining exceedingly precise information on the surface
compositional and structural changes using X-ray techniques
such as XSW and XANES.

Exposure to 0.1 M KCl electrolyte for 10min at �0.6 VAg/AgCl

resulted in a cathodic charge transfer of 2.4� 1017e0 cm�2,
leading to strong �11% swelling of the film. Fluorescence

analysis proved that the amount of metal in the film had not
changed and the expansion of the film is explained by hydrogen
absorption, estimated to be about 60 at%. The data indicate that
the expansion of the film is not homogeneous, which is not
surprising, considering the inhomogeneous metal concentration
and probably correspondingly inhomogeneous H absorption.
Worthy of note, H exhibits high solubility in electrolytically
charged Ni metal, leading to a hydride phase with 0.6 H per
Ni.[50] Although the experimental conditions are not comparable,
other reports seem to suggest that the solubility in Fe[51] and
Cr[52] metal is much lower.

Compared with the electrolytically hydrogen charging of bulk
steel, a much lower cathodic current density leads to the strong
hydrogen uptake and volume expansion of the thin film, which
can be understood as an effect of dimensionality. A 2D-like thin
film (or surface layer) may expand in just one direction and the
associated strain energy will be much lower than that required
for expansion of the 3D bulk. It is noteworthy that swelling of
11% is not compatible with elastic strain and will cause disrup-
tion of the passivating layer, likely more or less pronounced
locally. These findings should be seen in view of the decrease
in the pitting corrosion resistance of steel surfaces,[28–30] reported
as the result of hydrogen exposure.

5. Experimental Section
The used steel film was grown at room temperature on the B4C

surface of a Ru/B4C ML with a d-spacing dML 3.91 nm (see Supporting
Information) using direct current (DC) magnetron sputter deposition.
Low-carbon austenitic SS 304, an alloy consisting �97% of Fe, Cr,
and Ni,[53] was used as target material for the sputter process. X-ray
fluorescence analysis of the steel film revealed the metal concentration
ratios of Fe/Cr¼ 4.3 and Fe/Ni¼ 9.0.[34] This corresponded to Cr and
Ni concentrations of 17% and 8%, respectively. Compared with the
ranges of 18–20% and 8–12% for Cr and Ni, respectively; for SS304,[53]

the film was found slightly low in nickel and chromium content.
Determined by XRR measurements, the material thickness of the film
on the ML was about 4 nm. The film thickness was chosen close to
the d-spacing of the ML, allowing XSW measurements with a high
sensitivity. Details on the growth and characterization using X-ray as well
as electrochemical techniques are reported in a forthcoming communica-
tion article.[34]

Emission-mode XANES and XSW measurements were carried out on
the P64 undulator beamline at PETRA-III, DESY, Hamburg, acquiring
X-ray fluorescence with the help of an energy-dispersive solid-state
detector.[54] XSW measurements were carried out above the Ni K-edge
(8333 eV), scanning the energy Eγ across the first-order Bragg peak of
the ML. The angle of incidence of the beam on the ML was adjusted,
such that the reflectivity of first-order ML reflection was at maximum
at 10 keV, i.e., in the middle of the 2 keV scan range. This corresponded
to a grazing angle of incidence of �0.945�. K-edge XANES spectra of Cr,
Fe, and Ni were also acquired under XSW conditions by simultaneously
scanning angle and energy. As described, this allows acquiring XANES
spectra with enhanced X-ray intensity in specific regions in the film.[35]

In this way, chemical information on the metal oxidation states was
obtained depth-selectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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