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Abstract
We describe a new in operando approach for the investigation of heterogeneous processes at
solid/liquid interfaces with elemental and chemical specificity which combines the preparation of
thin liquid films using the meniscus method with standing wave ambient pressure X-ray
photoelectron spectroscopy (Nemsak et al., Nature Communications 5, 5441 (2014)). This
technique provides information about the chemical composition across liquid/solid interfaces with
sub-nanometer depth resolution and under realistic conditions of solution composition and
concentration, pH, as well as electrical bias. In this article, we discuss the basics of the technique

and present first results of measurements on KOH/Ni interfaces.
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Introduction

Liquid/solid and gas/solid interfaces govern the majority of reactions in corrosion science.
Metals undergo changes to their surface under atmospheric conditions, when thin aqueous layers
are condensed on their surface, or when they are immersed in a bulk solution. Corrosion is
inherently an electrochemical process and is characterized by a concurrent transfer of mass and
charge across the metal/solution interface in a coupled electrochemical reaction, where anodic
and cathodic processes occur simultaneously either at different sites on the same material or on
different parts of the system.' The transfer of metal atoms into solution through oxidation in the
anodic reaction leads to the structural weakening of the material and can ultimately result in
mechanical failure, with potentially dire consequences.

A detailed understanding of the processes governing corrosion requires the investigation of
the metal surface in interaction with its surrounding gas-phase or liquid-phase environment on the
atomic scale. Surface science investigations into corrosion processes can be performed in
principle in two ways, either by comparing the state of the surface before and after the corrosion
process has taken place (i.e., ex situ), or in operando, i.e. monitoring the surface during the
process. While the whole arsenal of surface science methods can be used to perform ex situ
investigations, the use of in operando methods often poses experimental challenges. These
include the need to operate under elevated pressure conditions, since the partial pressure of water
and aqueous solutions at environmental temperatures ranges from some tenths of Torr to tens of
Torr. Another challenge is enhancing the signal from the interface region over that originating
from the bulk liquid and solid. Over the past decades, considerable progress has been made in the
adaptation of vacuum-based surface science techniques to investigations of surfaces under
realistic relative humidity and even liquid/solid interfaces. Surface sensitive spectroscopies that
can be used under these conditions include optical methods, such as infrared spectroscopy (IR)>’
and vibrational sum-frequency generation (VSFG)**; X-ray emission spectroscopy (XES)’; near
edge X-ray absorption fine structure (NEXAFS) with fluorescence detection’ as well as surface
X-ray diffraction (SXRD)®. Among the imaging techniques that can be used to study surfaces in
the presence of gases and liquids are scanning force microscopy (SFM) in both contact’ and non-
contact'’ modes, as well as scanning tunneling microscopy (STM)'', and in recent years also
transmission electron microscopy (TEM)'? and scanning electron microscopy (SEM)". A recent
overview of surface science techniques used for measuring liquid/solid interfaces is given in Ref.
14.

X-ray photoelectron spectroscopy (XPS) is an excellent method for monitoring corrosion

processes, since it is exquisitely surface sensitive due to the short mean free path of electrons in
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matter at the typical kinetic energies (KE) used in XPS (a few 100 to a few 1000 eV). XPS
permits quantitatively determining the elemental composition of the surface and, through
detection of so called “chemical shifts”, also the oxidation states of the different components of
the surface. Since XPS uses electrons as probes, changes in local electrical potentials can also be
monitored as they will lead to rigid kinetic energy shifts experienced by all core level and valence
peaks and can thus be distinguished from shifts due to chemical changes."> XPS is thus ideally
suited to study corrosion processes since it permits monitoring both changes in the chemistry as
well as electronic properties of the surface simultaneously and in non-contact.

However, corrosion processes commonly take place under ambient conditions around room
temperature and with an equilibrium water vapor pressure. At higher pressures, the scattering of
electrons by gas molecules and the risk of arcing in the electrostatic lens or the detector pose
serious problems. These limitations have been overcome through ambient pressure X-ray
photoelectron spectroscopy (APXPS), which combines all advantages of vacuum-based XPS —
quantitative elemental and chemical information at high surface sensitivity — with the possibility
to measure samples at elevated pressures.'®'”"'® The technique was first introduced by the
Siegbahn group in Uppsala/Sweden in the early 1970s. These spectrometers used several
differential pumping stages between the sample cell and the hemispherical electron analyzer, with
a small entrance aperture to the first pumping stage brought into close vicinity of the sample
surface, to both minimize the path length of the electrons through the high pressure region and the
leakage of gas into the spectrometer. The inelastic mean free path (IMFP) of electrons with a
kinetic energy of 100 eV (i.e., those with the highest surface sensitivity) is about 1 mm in 1 Torr
of water vapor. Typical distances between the sample and the entrance aperture are ~1 mm.
APXPS was further developed in the late 1990s by introducing electrostatic lenses in the
differential pumping stages which overcame the tradeoff between collection angle for electron
detection and maximum pumping efficiency. A schematic layout of such a system is shown in
Fig. 1. These instruments can now operate at pressures above 20 Torr, thus passing the important
threshold of the equilibrium vapor pressures of water at room temperature. As an illustrative
example of the importance of pressure, recent APXPS studies of Cu surfaces have shown the
importance of the surface crystallography for the wettability of metals: While Cu(110) is covered
by a mixed hydroxyl/water layer at a relative humidity (RH) of 5 %, Cu(111) does not react with
water vapor at the same RH, due to the higher dissociation barrier of water on the less reactive
(111) surface."”® From these data and other studies of surfaces under ambient RH*"** a picture
emerges in which most oxide and metal surfaces are hydroxylated and show adsorbed molecular

water at relative humidities far below those present under normal ambient conditions, with
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significant consequences for atmospheric corrosion processes on metals.

While the investigation of solid/vapor interfaces at relevant relative humidities with high
chemical and surface sensitivity using APXPS has become a standard method over the past
decade, the investigation of solid/liquid interfaces using photoelectron spectroscopy is still a
challenging task. Kolb et al. developed a quasi-in situ method for determining the composition
and charge state of electrochemical interfaces using UHV XPS combined with an electrochemical
cell in which the sample surface was dipped into an aqueous solution under potential, then
removed, dried and transferred to the XPS measurement chamber.” Even though most of the
water evaporated from the interface, the electrical double layer (EDL) was shown to be preserved
so that measurements of the potential drop in the EDL became possible.”** While this method
has been proven to be a viable strategy for the investigation of the static properties of the EDL, it
is not suitable for studies of corrosion processes in operando due to the lack of charge and mass
transport during the XPS measurements. Artifacts can also result from the drying of the surface.
True in operando measurements require the presence of a thicker solution layer in contact with a
solution reservoir at the interface.

Since electrons are strongly scattered by ions and molecules in a liquid, there is a limit to the
thickness of the solution layer in normal XPS measurements. Figure 2 presents calculated and
measured data of the inelastic mean free path of electrons in liquid water.”® For maximum
achievable kinetic energies in experiments using an Al Ko lab source (1486.7 ¢V) the IMFP is
only about 6 nm, or 20 water monolayers. Recent developments of high KE APXPS instruments
have opened the opportunity to detect electrons with much higher KE.*” For a Cu Ka source
(8047.8 eV) or a hard X-ray beamline at a synchrotron with 8 keV incident photon energy, 8 keV
electrons with an IMFP of ~20 nm in liquid water can be detected. One can argue that at these
water film thicknesses the properties of the liquid/solid interface approach or are that of a true
bulk liquid/solid interface.

For the study of solid/liquid interfaces with stable liquid layers of a thickness between
several nm and several 10 nm, XPS measurements of all core levels of interest with sufficient
signal-to-noise ratios are complicated by the expected low signal from the interface due to the
attenuation of the electrons in the gas as well as liquid phase. One intriguing approach to
preparing liquid layers with thicknesses in the nm range is the adaptation of the well-established
liquid jet method, which has been successfully used to measure the composition of liquid/vapor
interfaces.” For the investigation of liquid/solid interfaces, liquid jets are prepared from solutions
containing suspended nanoparticles, where some of the nanoparticles reside sufficiently close to

the surface of the liquid jet so that their interface with the solution can be probed using XPS.”
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This method has been successfully used to investigate, e.g., the surface charge density of silica
particles as a function of particle size and pH of the solution, but has not yet been tested for its
applicability to corrosion studies.”

Another recently explored method to measure liquid/solid interfaces is the detection of
photoelectrons through a thin membrane (e.g., multilayer graphene), with the photoelectron
analyzer located on the vacuum side of the membrane.” The advantage of this approach is that it
overcomes the need for a thin solution layer in XPS investigations of the liquid/solid interface.
The challenge here is to prepare ultrathin solid films of the material of interest so that
photoelectrons can penetrate the solid on their way to the detector, as well as the enhancement of
the interface signal over that from the bulk, which is in fact closer to the spectrometer. Also, this
method does not lend itself to a standing wave approach as described below.

A further possibility to prepare thin liquid films is to expose the sample to precisely
controlled relative humidities just below saturation (RH 100 %), since the water film thickness
increases rapidly as the RH approaches 100 %. The challenges of this approach are three-fold:
() The precise control of temperature and water vapor pressure in the experiment, since any small
deviation will lead to rapid liquid film growth or desorption. (II) The control of the concentration
and pH of the solution. While alkali halide solution films have successfully been formed by re-
hydrating either drop-cast or evaporated alkali halide films inside a humidity-controlled vacuum

chamber®'*?

, the exact control of the concentration and pH of the film is challenging. (III) Finally,
the connection of the liquid film to an external electrical circuit, which might be achieved using
an approach akin to scanning probe methods to immerse an electrode into the thin solution film.
These challenges can be overcome using the so-called meniscus method, which was first
introduced many decades ago by Bockris and colleagues for the determination of the dissolution
of gases in porous electrodes™, and recently been applied by some of the authors of this article for
the first time to studies of liquid/solid interfaces using APXPS.”” The principle is shown in Fig.
3. The sample is immersed in a solution inside the measurement cell and can then be
electrochemically cleaned of hydrocarbons and other contamination. When it is partially
withdrawn from the solution, a meniscus will extend to a height z, (for neat water on a
hydrophilic surface, a few mm)** above the bulk solution surface. Under favorable conditions
and in the presence of a vapor pressure py,, (Which is a function of the solution temperature Ti,)
close to saturation, a thin liquid film can be stabilized over the whole range over which the
sample was originally dipped into the solution (z;). Close to the top of the liquid film (at ~z,)
parts of the liquid film are sufficiently thin to allow collection of photoelectron spectra from the

liquid/solution interface. Liquid films formed in that manner have been shown to be stable for
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many hours.”’ This method was used in the present experiments and is described in more detail in
the Experimental section.

The last challenge that needs to be overcome in the study of liquid/solid interfaces using
APXPS is enhancing the signal from the narrow interfacial region over that originating from the
bulk of the liquid layer and solid substrate. To that end, some of the authors of this paper have
recently introduced standing wave ambient pressure photoemission spectroscopy (SWAPPS),
which is based on well-established standing wave photoemission spectroscopy, where the
exciting X-ray wave field is tailored into a standing wave that is scanned through the interface of
interest and thus provides much increased depth-resolution in XPS experiments (see Fig. 4).”>>¢
The advantage of the standing wave approach is that it provides a built-in ruler, i.e., the period of
the standing wave, to determine absolute depth distributions of chemical species throughout the
probed volume. The combination of SWAPPS with the meniscus method for the preparation of
thin liquid layers thus has the potential to provide detailed chemical information about all
components of the system (bulk liquid, liquid/solid interface, bulk solid) with sub-nm resolution
in the direction perpendicular to the interface, with full control over the concentration and pH of
the solution, as well as the applied potentials. In the following we describe the experimental
details and present a proof-of-principle investigation for the reaction of Ni immersed in a 0.1 M

KOH solution under oxidizing conditions.

Experimental
Preparation of thin liquid films

Figure 3 describes the experimental setup used in the current investigations. A glass beaker
(outer diameter 3.2 cm, height 5 cm) is mounted inside a vacuum chamber using an UltraTorr (O-
ring seal) fitting. A Ag/AgCl reference electrode (eDAQ, leakless miniature) is glued into a hole
in the bottom of the beaker. A Pt counter electrode is fused into the bottom of the glass beaker.
The UltraTorr fitting is attached via an XYZ manipulation stage to the bottom flange of a high-
vacuum chamber, which in turn is mounted to the front end of the differentially pumped electron
lens system of the APXPS spectrometer. The sample is mounted on an XYZ manipulator and a
rotational stage. A commercial KOH solution (Alfa Aesar, 30% w/v) is diluted to 0.1 M with
ultra-pure water, and then degassed in a separate chamber by pumping before being introduced
into the beaker inside the experimental cell. The solution temperature T, is allowed to
equilibrate to the temperature of the surrounding parts of the experiment and not actively
controlled. The experimental cell is slowly evacuated using an external roughing pump until the

pressure in the cell, measured using a capacitance pressure gauge, is close to that of the expected
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vapor pressure of the solution at room temperature (p.,p), at which point the external pump is
isolated. During the experiments the measurement cell is pumped through the front aperture
(diameter 0.1 mm) of the differentially pumped electrostatic lens; the loss in gas molecules in the
experimental cell is compensated for by evaporation from the solution in the beaker, and from a
separate water reservoir (~5 cm’; not shown) that acts as a buffer to reduce the decrease of the
solution level in the beaker and limit the change in solution temperature due to evaporative
cooling. With this procedure experiments can be performed up to 24 hours without the necessity
to refill the beaker with fresh solution, and with only minor changes in the solution concentration.

At the beginning of the experiment the sample is immersed as far as possible into the
solution and its electrochemical properties are characterized (see Fig. 5c) using a Bio-Logic SP-
150 potentiostat. By using appropriate parameters for cyclic voltammograms (CV), the sample
surface can also be cleaned, e.g., from carbon contamination. When the sample is then partially
retracted from the solution, a meniscus forms, which — for a hydrophilic sample — extends to a
height z, above the bulk liquid surface (see Figure 3), with z, being close to the capillary length,
which is of the order of a few mm for water.>* A thin, continuous solution film extends beyond
the meniscus up to a height z,, the depth to which the sample was originally immersed into the
solution. This film is in electrical contact with the solution in the beaker, confirmed by shifts in
the photoelectron peaks of the thin film upon application of a bias to the solution in the beaker.
The film is stabilized by the high RH (in case of an aqueous solution) close to 100 % due to the
presence of the vapor pressure above the solution. The initial, electrochemical removal of
hydrophobic contaminations also supports the formation of a continuous liquid film. Above the
height z, there is also water adsorption (from the gas phase), but these parts of the liquid film are
usually not in electrical contact with the solution in the beaker, most likely due to hydrophobic
contamination which prevents the formation of a continuous film. In some cases the thin water
film between z; and z, breaks up and forms areas where patches of electrolyte remain with the
thickness and ion concentration of the continuous film, but without electrical contact to the
solution in the beaker. A photograph of the sample in the measurement position is shown in
Figure 5b.

We note that a similar approach for the preparation of a thin film has also been used to study
the interface between an ionic liquid (vapor pressure <10 Torr) and a metal electrode, where the

sample was not in a vertical position but only slightly tilted out of the horizontal direction.”’

Multilayer sample preparation

A Si/Mo multilayer was prepared on a Si(100) substrate at the Lawrence Berkeley National
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Laboratory Center for X-ray Optics. The multilayer mirror consists of 80 repeats of a Si 1.5
nm/Mo 1.9 nm bilayer, yielding a multilayer periodicity of 3.4 nm. The setup of the sample is
shown in Fig. 4. A cap layer of 1.3 nm of SiO, terminates the mirror. A Ni layer with a thickness
of ~8 nm was grown on the SiO, cap layer using magnetron sputtering in an ultrahigh vacuum

chamber with a base pressure of better than 1x10™® Torr.

Electrochemical characterization

Cyclic voltammetry (CV) was performed on the Ni sample using a Bio-Logic SP-150
potentiostat, with the sample as working electrode and connected to the common ground. Fig. 5S¢
shows a cyclic voltammogram (-0.1 Vagagci t0 +0.65 Vg aeci) for the thin Ni layer immersed in a
0.1 M KOH solution, with characteristic oxidation and reduction peaks at +0.5 Va1 and +0.4
Vagagcl, Tespectively, in good agreement with literature data.*®*’ The stability of the sample
inside the solution was tested in repeated cyclic voltammograms over the course of several hours,
during which the voltammograms showed little change. The measurements on the thin Ni film
deposited onto the multilayer mirror were also compared to those on a bulk polycrystalline Ni foil

and showed very good agreement.

APXPS and Standing wave measurements

The basic principle of SWAPPS is shown in Figure 4. Focused X-rays are incident on the
sample at the first-order Bragg angle of the multilayer mirror, defined from A, = 2d);sin 6.
where A, is the X-ray wavelength, d,; is the multilayer period, and &, is the X-ray incidence
angle, in the present case 3.5° for 3.1 keV X-rays and a multilayer periodicity of 3.4 nm. This
leads to the formation of a standing wave above the mirror with a wavelength A, close to the
mirror periodicity*™*'. The SW extends above the mirror (i.e., through the deposited Ni film and
the adsorbed solution layer) in the volume where the incident and reflected X-rays overlap, and is
scanned vertically by changing the incidence angle (rocking curve), thus selectively probing the
interface, the bulk solid or bulk liquid (cf. Fig. 4). Core photoelectron peak intensities from
different chemical states in the sample are then monitored as a function if incidence angle, with
the resultant variations being characteristic of the depth distribution of a given species. Beyond
simple Bragg reflection from the mirror, interference due to X-rays reflected from the top of the
sample and from other interfaces in the sample (e.g. the mirror surface) can lead to additional fine
structure in the rocking curves that are often referred to as Kiessig fringes4041, with these also
containing structural information. These in general are described by mA, = 2Dsin6,,., where m is

the usually unknown order = 1,2,3,.... and D is the distance between the surface of the sample
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and the reflecting interface. For the commonly very large m in experiment, the separation
between these fringes can be used to estimate the distance involved from D(nm) =
0.62/[hv(eV)Af(rad)], where hv is the photon energy. For more detailed discussions of the
technique see Refs. 32, 35, 36, 40, 41. The combination of the standing wave approach and the
intrinsic surface sensitivity of XPS is then used for the determination of the vertical positions and
widths of all interfaces present in the system.

The measurements were performed at beamline 6.0.1 at the Advanced Light Source in
Berkeley, CA, using a Phoibos NAP 150 electron energy analyzer (Specs Surface Nano Analysis
GmbH, Berlin). The incident X-rays had a photon energy of 3100 eV. The incident photon flux
at this energy is ~10'? photons/s. The measurement geometry is shown in Fig. 5a. The sample-
aperture distance is estimated to be 0.2 mm. The incident X-ray beam spot is about 0.1 mm, but
is horizontally enlarged by about 16 times due to the shallow incidence angle on the sample of
~3.5°. Ni 2p, O 1s, and C Is spectra were collected under all experimental conditions. Valence
band spectra taken under dry conditions were used to calibrate the binding energy scale. The
sample was connected to the common ground in all experiments. Due to the strong attenuation of
the photoelectron signal by the water gas phase, at a pressure of ca. 17 Torr, acquisition times of
up to 5 minutes for a single energy region were necessary, in particular for the Ni 2p and 3p core
levels, where attenuation due to adsorbed water or the KOH solution led to additional attenuation
of the signal. The Ni 3p and O 1s spectra for the rocking curves were taken in the “snapshot
mode” using a 2D delayline detector. Pass energies of 200 eV and 150 eV were used for the Ni
3p and O 1s regions, respectively, giving binding energy windows of 19.9 eV and 14.9 eV,
sufficient for the capture of all spectral components. The complete rocking curve measurement
took approximately 5 hours. An angle step size of 0.02° was used in the experiments. The
precision of the manipulator’s rotation was measured with a Mdller-Wedel ELCOMAT 3000

autocollimator, and shown to be reliable at least down to a step size of 0.005°.

Data analysis

The X-ray optical and photoemission simulations were performed using the Yang X-Ray
Optics (YXRO) software,***' which simulated the depth distribution of the electric field strength
as a function of beam incidence angle and also the photoemission rocking curves for different
layers and elements. As a qualitative indicator of the anticipated sensitivity to vertical position in
such rocking curve measurements, Figure 6 shows a set of such curves as a “delta layer” is moved
in 0.1 nm steps vertically through a hypothetical liquid layer on top of a multilayer of our

configuration. These results indicate that, with the 3100 eV photon energy and multilayer mirror
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we have used, peaks separated by 0.02° originate from regions of the sample that are 0.7 nm
apart. A key parameter in these calculations is the inelastic mean free paths for photoelectrons of
the relevant core levels in liquid water; these are taken from Emfietzoglou and Nikjoo®, and can
also be found in Table 1 (see below). The values for the IMFP in liquid water agree well with

theoretical predictions by Tanuma, Powell, and Penn.*

Results and discussion

In the following we will describe proof-of-principle measurements of combining the
meniscus method and SWAPPS measurements to study the interface of a 0.1 M KOH solution
with polycrystalline Ni. We will first show results of static measurements before discussing the
findings from rocking curve SWAPPS experiments.

Before the SWAPPS measurements the state of the Ni thin film was investigated under three
different conditions: As prepared (“dry”), in the presence of high relative humidity (“humid”),
and after preparation of a thin KOH film using the meniscus method (“immersed”). Under dry
conditions (background pressure 1x10” Torr), the sample was already covered by an
oxide/hydroxide layer, which was most likely formed due to exposure to ambient conditions
before moving the sample into the chamber. Ni 2p;,, O 1s and C 1s spectra are shown in Figure
7. The literature value for the O 1s peak of the oxide is 529-530 eV.* We thus suggest that the
oxide peak appears as a shoulder to the broad peak centered around 531.5-532.0 eV, and that this
broad peak is mainly due to Ni hydroxides (BE ~531 eV) and oxygen containing carbonaceous
contamination. The Ni 2ps, spectrum shows that not all of the Ni film is oxidized or
hydroxylated, and also that the oxide/hydroxide layer is thin compared to the probing depth in
these measurements since the Ni 2p spectrum shows mainly a sharp metallic Ni peak at BE ~853
eV. The calculation of the oxide/hydroxide layer thickness for this dry state, using the standing-
wave technique under UHV, shows a thickness of 1.8 nm. The carbon overlayer thickness is 0.8
nm from the same analysis. The C 1s signal consists of at least two peaks, which we assign to
hydrophilic (oxygenated, high BE) and hydrophobic (non-oxygenated, low BE) carbon.

After the dry measurements the Ni sample was investigated under humid conditions at a
water vapor pressure of 17 Torr, which corresponds to ~85 % RH at a sample temperature of
22 °C. The water vapor was supplied from degassed pure water; no KOH solution was present in
the chamber in the experiments under humid conditions. There is a significant decrease in the
intensity of all XPS signals due to scattering of electrons by water vapor. In addition, the Ni 2p,
Ni 3p (not shown) and O 1s signals from Ni metal and Ni oxide/hydroxide are attenuated by the
liquid water layer which is present at this high RH. A quantitative analysis of the decrease of the

10
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C 1s signal is consistent with a model where, under humid conditions, a similar amount of carbon
as in the “dry” sample is present, with attenuation only by the water vapor. This indicates that
most of the carbon contamination is located at the liquid/water vapor interface. Sources for the
carbon contamination under humid conditions are the original contamination on the “dry” sample,
but also additional contamination from the background vapor due to the limited pumping during
the experiments at high humidity. There is no detectable change in the main Ni 2p;, peak
position, which indicates that Ni is still mostly in the metallic state. The gas phase water peak is
the most intense peak in the O 1s spectrum. The liquid water layer that is formed at high RH has
an O 1s peak at 533-534 eV, which effectively broadens the Ni oxide/hydroxide signal centered
around 532 eV towards higher binding energies. Thus, the broad O 1s signal around 532 eV is a
combination of liquid water, oxide and hydroxides of Ni, and O containing carbonaceous
contamination.

The thickness of the liquid water layer can be estimated from the Ni 2p and Ni 3p signals
before and after the introduction of the vapor into the chamber using

Ini

Io,Ni = exXp (_ lﬁ,df;se) €xp (_ %)’ (1)

with Iy y; as the Ni signal intensity for the “dry” sample, Iy; the Ni signal intensity for the

“humid” or the “immersed” sample, AL, the inelastic mean free path of electron in liquid water,
A% the inelastic mean free path of electron in gaseous water, 8 the angle between the surface
normal and the analyzer axis (45°), dk the thickness of the liquid water layer, and dS the
effective thickness of the water vapor that the electrons traverse before reaching low vacuum
conditions in the first differential pumping stage (i.e., approximately the sample aperture distance
of ~300 pm). The equation can be simplified combining the two terms on the right-hand side,

under assumption of a hypothetical liquid layer (without the vapor) which gives the same /],

value.
Leq
Ini _ dw
Io Ni - exp< Aﬁ, cosG) (2)
with
L L
d," = di + df 3¢ cost . 3)

The ratio of the inelastic mean free-paths in water vapor compared to liquid water is

approximately the inverse of the densities of these media, such that:

A p§(17 Torr, 20°C) _ 17 g/m’
A8 ok 106 g /m’

=17x107°. 4)

11

Page 12 of 26



Page 13 of 26

Faraday Discussions

From combining Egs. 3 and 4, and considering that cos8 = cos45° = 0.707, it follows that

w

L
doet = db + dS j—gcose = dL + (200 um)(1.7 x 1075)(0.707),  (5)

which yields dfveq = dL + 2.4 nm. Based on this analysis, the thickness of the liquid water layer
is estimated to be 11-13 nm. The parameters and data that are used in the calculation are

summarized in Table 1.

Table 1. Data and parameters used for the calculation of liquid water layer thickness under “humid” and
“immersed” conditions.

Dry ‘ Humid ‘ Immersed | Humid | Immersed
Core | Electron kinetic . L
level energy (V) IMFP (nm) Intensity (CPS eV) dy, (nm)
Ni 2p ~2240 7.5 48000 [ 2560 1100 13 18
Ni 3p ~3030 9.0 11400 1510 300 11 21
Cls ~2820 8.5 2300 860 2380 - -

After the sample was immersed in 0.1 M KOH solution, several CV cycles were run between
+0.65 and -0.9 Vagagc1 before stopping at +0.6 Vagaecr during the anodic sweep. Data were
acquired at a constant potential of +0.6 Vayaeci for the spectra shown in Fig 7. From Pourbaix
diagrams* of Ni, as well as from assignments of the CV features®, we expect the presence of
hydroxides and oxyhydroxides at the interface under the pH and bias in our experiments. This is
borne out by the Ni 2p spectrum, where the main peak BE has shifted to 856 eV, close to the
literature value for oxide/hydroxide/oxyhydroxide. The O 1s spectrum shows a much stronger
contribution from liquid water, as compared to the “humid” sample. The O 1s gas phase peak
shifts to lower BE (higher KE) as expected from a negative potential applied to the solution; the
gas phase peak shift confirms that the part of the liquid film under investigation is connected to
the bulk solution reservoir. The water vapor peak shifts by ~0.4 eV, compared to the expected
value of 0.6 eV for a full shift due to the applied bias. This can explained by the fact that gas
phase peaks shifts less than surface peaks due to the pinning of the vacuum level of the gas phase
to that of the sample and surrounding surfaces.'>'” The C 1s spectra show the existence of at least
2 peaks (hydrophilic/hydrophobic), however, their intensity is now higher than the C 1s intensity
for the “dry sample”. This might be an indication that, during the retraction of the sample from
the solution, a Langmuir-Blodgett-type film deposition of hydrocarbons took place due to
hydrophobic molecules floating on the surface of the solution in the cell (e.g., from trace
contamination of the KOH solution or the water that was used for dilution). Another contribution

to the extra carbon is probably residual CO, that is strongly absorbed into the liquid to form
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HCOj;". The K 2p signal which is expected at ~ 293 eV is not clearly visible. For a 0.1 M KOH
solution, the K/H,O ratio is ~1/550 and thus too low to observe K in the bulk of the solution using
XPS. Using the previously explained analysis method, the thickness of the liquid water layer
under immersed conditions is estimated to be 18-21 nm, i.e. ~50-100% thicker than the water
layer under “humid” conditions.

We now proceed to discussing the results of the standing wave measurements using
SWAPPS, where we compare measurements of the dry sample with those of the sample under
immersed conditions. An initial experimental characterization of the dry sample using standing-
wave photoemission was performed under UHV conditions at beamline 9.3.1 of the Advanced
Light Source. The structure and composition of the sample was revealed through measuring Ni
2ps» and O 1s rocking curves and by an iterative simulation of the rocking curves, followed by a
comparison with their experimental counterparts (Figure 8, left panel) using the methods
described in the experimental section. The measured rocking curves for the two core-level
spectra (Ni 2p;;,, O 1s) are thus representative of the two primary layers: metallic Ni, and the
oxidized Ni surface. All curves are normalized to their maxima. The metallic Ni layer was found
to be 6.8 nm thick, capped by 1.8 nm of oxidized nickel, most likely in the form of NiO. The
roughness of the interface between Ni and NiO and the top of the NiO layer is 1.0 nm, which is
somewhat larger than the ca. 0.5 nm roughness measured by AFM for the Ni film just after
growth. The carbon contamination layer at the surface is 0.8 nm thick, and we do not show any
rocking curves from this contaminant element. This experimentally-determined model of the dry
sample was used as a starting point for the analysis of the sample under immersed conditions.

In the immersed case, spectra of two regions were again collected: Ni 3p and O 1s. Ni 3p
and O 1s spectra were fitted with 1 doublet and 3 peaks, respectively. The rocking curves in the
middle panel of Fig. 8 show the peak intensities normalized to their mean value, as a function of
incidence angle of the X-ray beam and the results of the simulation for the optimized sample
structure as a solid line. The initial analysis of the nickel (from Ni 3p), which we assume is
present in form of hydroxide/oxyhydroxide, as discussed previously for the static data, and the
solution layer thicknesses (from O 1s) revealed that both of those layers are much thicker than a
standing wave period (~ 3.4 nm) and therefore there are several nodes and antinodes in different
depths buried within those layers (see the electric field plot - Figure 8, right panel). The
examination of such thick layers using standing wave photoemission, especially with harder X-
rays (larger IMFPs), has an additional challenge. At these high kinetic energies (> 2 keV)
photoelectrons carry information from a larger depth and the intensity modulation at the Bragg

angle is attenuated due to the signal integration along the axis perpendicular to the sample
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surface. This is the case in the present experiment and evidenced by the observation that the
standing wave features in the rocking curves for the immersed sample are much broader and
show smaller amplitudes than those from the thin layers of the dry sample.

Other relatively strong features adjacent to the Bragg peak and with a period of ~ 0.02° are
observed in the rocking curves measured on the immersed sample. These are no doubt due to
some kind of Kiessig interference, and we can estimate the D value involved from the prior
equation to be about 40-60 nm, which is roughly the distance from the surface of the liquid film
to the top of the multilayer mirror. In order to fully identify the origin of these oscillations, one
has to examine the angular and depth dependence of the electric field strength (Figure 8, right).
The period of the standing wave is decreasing as the incidence angle of the X-rays is increasing, a
trend expected from the two interfering waves involved. With increasing distance from the
surface of the mirror, the difference of the standing wave phase for angles below and above the
Bragg angle increases and the maxima are enhancing the photoemission signal from different
depth at the different angles. These features, which in their period along the depth axis deviate
slightly from the period of the mirror, are responsible for the observed oscillations in the O 1s
rocking curves. They have proven to be especially helpful in determining the exact position of, as
well as interdiffusion between, the different interfaces for thicker samples, as these features have
different periods in depth compared to the main Bragg peaks generated by the mirror and
therefore the standing-wave analysis can overcome the uncertainty in depth position caused by
the presence of multiple nodes and antinodes of the standing-wave within one layer of the sample.

Using the iterative fitting of the X-ray optical and photoemission simulations to the
experimental data, the thickness of the hydroxide/oxyhydroxide layer for the immersed sample
was found to be 27 nm, with a water layer thickness of 20 nm. The surface of the wet layer is
perfectly sharp within our depth resolution (<1 nm), while the interface between the
hydroxide/oxyhydroxide layer and the KOH solution is exhibiting a roughness of 1 nm. The
thickness of the hydroxide/oxyhydroxide layer also agrees well with the expected value for the
expansion of the originally ~ 8 nm of metallic Ni transformed into a stoichiometric hydroxide by
approximately a factor of 3.4, i.e. to ~27 nm. Under the given pH and bias conditions, no
significant dissolution of Ni is expected. The standing wave analysis concurs with this
expectation, as all of the Ni atoms are located in the solid layer according to the proposed model.
A schematic of the proposed structural models for the Ni sample under dry and immersed
conditions is shown in Figure 9. The general model takes into consideration the expansion of the
dry nickel film into oxidized/hydroxylated nickel, as well as the quantitative analysis of the Ni

signal attenuation for the immersed sample. The standing wave analysis enabled refinement of
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these rough estimates by determining the positions of the interfaces and surfaces with high
precision (within one period of the standing wave) and also provides unique information on the

interfacial and surface roughness.

Conclusions

The preceding data and discussion show that SWAPPS, combined with hard X-rays and with
the preparation of thin solution layers using the meniscus method, is an exciting new approach to
characterize all components of the liquid/solid interface, from bulk species in the liquid and solid
to species located at the interface under potential control. In this paper, we determined the
complete oxidation/hydroxylation of an 8 nm thick Ni film in the presence of a 20 nm thick 0.1 M
KOH solution at a bias of +0.6 Vagaeci. This measurement would not have been possible in a
conventional XPS experiment without the use of the standing wave method, which provides an
intrinsic ruler in the direction perpendicular to the interface and extends the probing depth and the
depth resolution in XPS. We anticipate that the resolution of the method can be further increased
by using longer periods of the standing wave and by measuring more of the Kiessig fringes
adjacent to the Bragg peak. The range of applications in corrosion science thus seems to be very

large.
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gases

differential pumping

in situ
cell X-ray
window
X-rays
Figure 1

Principal layout of a typical APXPS experiment. The sample is located inside the in situ cell,
which is backfilled with a gas or gas mixture to a pressure p,. X-rays from a laboratory source
(X-ray anode) or synchrotron beamline are admitted to the in situ cell through an X-ray
transparent window, most often silicon nitride with a thickness of ~100 nm and an active area of
~1 mm®. The sample is placed in close proximity of the entrance aperture of the differentially
pumped lens system of a hemispherical electron analyzer. The typical aperture size is ~0.1 mm?,
and the typical sample-aperture distance about 1 mm. Electrons and gas molecules escape
through the entrance aperture into the first differential pumping stage, which is typically at a
pressure of p;<10™ po, i.e. scattering of electrons by gas molecules in the first differential
pumping stage is greatly reduced. Many APXPS systems feature several differential pumping
stages, which successively decrease the pressure by several orders of magnitude. Electrostatic
lenses in the differential pumping stages focus the electrons onto the apertures that separate the
stages, thus maintaining a similar solid angle of electron detection as in a vacuum-based XPS

instrument.
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Figure 2
Electron inelastic mean free path in liquid water as a function of electron kinetic energy. For the
excitation energy of an Al K-alpha lab source (1486.7 ¢V) the maximum IMPF is about 6 nm,
which corresponds to a water film thickness of about 20 monolayers. At higher excitation
energies, e.g. 8 keV, which is a realistic value for high KE APXPS instruments, the mean free
path increases to ~ 20 nm, or ~ 70 monolayers of water. The drawback of higher photon energies
is the lower photoemission cross section and thus the decrease in the photoemission intensity.

Adapted and reproduced with permission from Ref. [26].
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Figure 3
Schematic of the meniscus method for the preparation of thin liquid films. For hydrophilic
surfaces the meniscus will extend to a height z, (for neat water a few mm) above the bulk solution
surface (for simplicity the formation of the liquid film is shown for only one side of the sample).
Under favorable conditions and in the presence of water vapor pressures close to saturation a thin
liquid film can be stabilized over the whole range that the sample was originally dipped into the
solution (z,). This part of the film is in electrical contact with the bulk solution. The front
aperture of the differentially pumped lens system of the APXPS system is also shown. For full
electrochemical control, a counter and reference electrode are placed into the solution, while the
sample (working electrode) is held on ground potential, in case of a metal with its Fermi level

aligned to that of the photoelectron spectrometer.
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Figure 4

Principal layout of a SWAPPS experiment, with the dimensions of the multilayer and sample
indicated as used in the present experiments. The Si/Mo multilayer mirror with a periodicity of
3.4 nm is grown onto a Si substrate. Incident photons (hv = 3.1 keV) are reflected off the
multilayer mirror under the first order Bragg angle (0;,. ~ 3.5°) and interfere with the reflected X-
rays, leading to the formation of a standing wave with a periodicity close to that of the multilayer
mirror in the direction perpendicular to the surface. When the incidence angle of the X-rays is
changed around the first order Bragg condition (rocking curve), both the amplitude and the phase
of the standing wave change. The Ni sample is grown on top of the SiO, cap layer of the
multilayer mirror. The phase change during a rocking curve shifts the standing wave by a
distance of half of its wavelength and thus allows to vary the amplitude of the standing wave

across the metal/solution interface.
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Figure 5

(a) Top view of the measurement geometry in the SWAPPS experiments. (b) Photograph of the
sample inside the measurement chamber, dipped into a 0.1 M KOH solution at +0.6 Vg aeci. The
yellow arrow indicates a bubble that is formed in the solution. (¢) Cyclic voltammogram of a
nickel film on top of a multilayer structure in 0.1 M KOH taken inside the measurement chamber

in the configuration shown in (b). The scan rate was 20 mV/s.
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Figure 6
Determination of the sensitivity in the present SWAPPS rocking curves to depth, using an
incident photon energy of 3100 eV. (a) Layout of the model system used in the calculations. A
water “delta layer” of 0.1 nm thickness is scanned through a 1 nm thick water layer on top of a
SiO, cap layer on the multilayer mirror. (b) Calculated O 1s rocking curves, in steps of 0.1 nm
changes of the height of the “delta layer” above the SiO,/water interface. Both the peak position
as well as the shape of the curves are changing as a function of the distance of the “delta layer”
from the SiO, interface. A shift in the peak position of the rocking curve by 0.02 deg corresponds

to a distance of 0.7 nm.
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Figure 7

Ni 2p;p, O 1s and C 1s APXPS spectra of the Ni sample deposited onto the multilayer mirror
taken under three different conditions: As is, in low vacuum (107 Torr, “Dry”); in the presence of
17 Torr water vapor (“humid”); and after forming a thin KOH solution film using the meniscus
method, at a potential of +0.6 Vagagcr (“immersed”). All measurements were done at room

temperature.
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Figure 8
SWAPPS rocking curves (dots) and iterative fits (solid lines) taken under different conditions:
Left panel: Ni 2p;, and O s (oxide component) for the as-prepared sample, in ultra-high
vacuum; Middle panel: Ni 3p and O 1s (liquid component) for a sample with a thin KOH
solution film prepared using the meniscus method, at a potential of +0.6 Vg a.ci; Right panel:
Simulated electric field strength as a function of beam incidence angle and depth for the
immersed sample (rocking curves in the middle panel). White dashed lines show the boundaries

between the “wet” layer and Ni(OH), and between Ni(OH), and the multilayer mirror.

25

Page 26 of 26



Page 27 of 26 Faraday Discussions

0.1M KOH
As Prepared +0.6 V .vs. Ag/AgClI
40 40 -
KOH Solution
E
g 30 - 30 -
2
=
(@)
g 5 20 -
3
IS
v | NiO,(OH),
10 - NlOX(OH)y 10
Ni
0- 0-
Sio, SIO;

Figure 9
Model based on the detailed analysis of the rocking curves in Fig. 8, showing the relative
concentration profiles of the sample surface as prepared (left panel) and after immersion in 0.1 M

KOH at +0.6 V sg/a c1 (right panel).
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