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Abstract Recent years have witnessed fast advancements
in near ambient pressure X-ray photoelectron (NAPP)
spectroscopy, which is emerging as a powerful tool for the
investigation of surfaces in presence of vapors and liquids.
In this paper we present a new chamber for the investiga-
tion of solid/vapor interfaces relevant to environmental and
atmospheric chemistry that fits to the NAPP endstation at
the Swiss Light Source. The new chamber allows for per-
forming X-ray photoelectron spectroscopy (XPS) and
electron yield near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) using soft, tender and hard X-ray
in vacuum and in near-ambient pressures up to 20 mbar at
environmentally relevant conditions of temperature and
relative humidity. In addition, the flow tube design of the
chamber enables the dosing of sticky reactive gases with
short pressure equilibration time. The accessible photo-
electron kinetic energy ranges from 2 to 7000 eV. This
range allows the determination of surface and bulk
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electronic properties of ice and other environmental
materials, such as metal oxides and frozen solutions, which
are relevant to understanding atmospheric chemistry. The
design of this instrument and first results on systems of
great interest to the environmental and atmospheric
chemistry community are presented. In particular, near-
ambient pressure XPS and NEXAFS, coupled to a
UV-laser setup, were used to study the adsorption of water
on a TiO, powder sample. The results are in line with
previously proposed adsorption models of water on TiO,,
and, furthermore, indicate that the concentration of water
molecules tends to increase upon UV irradiation. In a
second example we illustrate how NEXAFS spectroscopy
measurements at the chlorine K-edge can provide new
insight on the structures of eutectic and sub-eutectic frozen
NaCl solutions at high and low relative humidity, respec-
tively, indicating the formation of solution and solid NaCl
phases, respectively. Finally, we demonstrate the assets of
this new chamber for the dosing of sticky acidic gases and,
in particular, for the investigation of formic acid uptake on
ice surfaces.

Keywords Metal oxides - Ice - Halogens - X-ray
photoelectron spectroscopy (XPS) - Near-edge X-ray
absorption fine structure (NEXAFS) - Near ambient
pressure photoemission (NAPP)

1 Introduction

Since its development between 1950 and 1960 by K.
Siegbahn, X-ray photoelectron spectroscopy (XPS) has
been successfully employed in a number of scientific fields,
including heterogeneous catalysis, materials science or
semiconductor technology, just to name a few. However,
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the pressure limitations imposed by the electron energy
analyzer, which must be kept under high vacuum condi-
tions, and by the short inelastic mean free path (IMFP) of
the photoelectrons at elevated pressure has traditionally
restricted the application of this technique mainly to
solid/vacuum interfaces, with some pioneering exceptions
[1-3]. This also explains why, despite XPS being one of
the most powerful and widely used surface science char-
acterization tools, the potential of this technique has not
been fully exploited for practical systems and samples in
operating conditions. A crucial step forward in this direc-
tion has been made via the development of differentially-
pumped electrostatic lenses [4], which has greatly
improved the transmission of photoelectrons through the
analyzer, thus allowing for XPS measurements performed
close to ambient pressure, better known as near ambient
pressure photoelectron spectroscopy (NAPP). The fast
development of NAPP in the last years [5—10] has bene-
fited from the advent of 3rd generation synchrotron radia-
tion sources, with the brilliant and focused beams of which
electron scattering losses in the gas phase could be coun-
teracted, resulting in NAPP measurements with an
improved signal-to-noise ratio.

The possibility to bridge, at least partially, the so-called
“pressure-gap” between ultra-high vacuum (UHV) and
catalytic operating conditions [11] has extended the range
of applicability of XPS characterization to solid/liquid and
solid/vapor interfaces. This has opened the door to a
broader scientific audience, especially in electrochemistry
[12], environmental chemistry [13] and heterogeneous
catalysis [10]. In particular, environmental science is one
of the disciplines that has seen some of the early applica-
tions of NAPP [14] and still offers tremendous further
opportunities. Indeed, not only chemical reactions in the
atmosphere take place under humid conditions, but water
vapor is frequently one of the main reactants, e.g., in
hydrolysis reactions. Water is present on solid surfaces at
ambient conditions, forming several molecular layers at
room temperature [15, 16]. Water in the form of ice is also
a predominant material in some parts of the Earth, as
snowpack or sea-ice, and in the atmosphere, in the form of
ice particles. Chemical reactions at air—ice interfaces of
snow or sea—ice, where the exchange of major and trace
gases occurs, drive large-scale environmental effects such
as ozone depletion events in Polar areas, and modify the
cycling of halogen gases, and of nitrogen oxides on a
global scale [17-23]. These examples show how hetero-
geneous chemistry affects the oxidative capacity of the
atmosphere. The latter can be affected also by photo-
chemical processes, such as the photochemistry of nitrogen
oxides on mineral oxide particles contained in atmospheric
mineral dust plumes uplifted from arid areas, which rep-
resents another important playground for atmospheric
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chemistry and climate science. So far, only few experi-
ments have attempted to probe surface species on, e.g., ice
[24] or mineral oxides [25, 26] under atmospheric condi-
tions. Indeed, the high water vapor pressure at environ-
mentally relevant temperature (0.01-1 mbar) makes it
difficult to use surface sensitive probes, thus pointing out
the importance and potential of near ambient pressure XPS
for environmental research.

Here we present a new chamber for the NAPP endsta-
tion [27] at the Swiss Light Source (SLS) designed for
in situ XPS and electron yield near edge X-ray absorption
fine structure spectroscopy (NEXAFS) at solid/vapor
interfaces under environmentally relevant conditions of
temperature and pressure. Compared to many NAPP sys-
tems, which consist of (relatively large) UHV chambers
that are filled with vapors or gases up to the desired pres-
sure in a nearly static regime, our chamber is designed as a
compact flow tube cell surrounded by an external UHV
environment. This layout enables to quickly shift between
measurements at near ambient pressure and UHV condi-
tions while at the same time reducing the exposed volume
and surface area of the cell. In addition, it features a direct
access from a gas dosing system down to the sample to
allow admission of sticky gases. Following the concept
originally conceived for the NAPP endstation of custom
designed chambers dedicated to specific applications, the
new chamber for solid samples can be exchanged with that
dedicated to liquid microjet experiments described in Ref.
[27]. The NAPP endstation, which covers an electron
kinetic energy range of 2-7000 eV, can be operated at the
SIM [28] and PHOENIX [29] beamlines at the Swiss Light
Source (SLS) at the Paul Scherrer Institute (PSI) for
experiments with soft and hard X-rays, respectively. The
accessible photon energy range can be further extended by
connecting a He discharge lamp, allowing for off-line
ultraviolet photoelectron spectroscopy (UPS)
measurements.

1.1 Near Ambient Photoelectron Spectroscopy
at SLS

Figure 1a shows a picture of the NAPP endstation with the
new chamber for the investigation of solid/vapor interfaces.
The schematic drawing of the whole assembly reported in
Fig. 1b illustrates the modular design of the NAPP end-
station, which can accommodate either the chamber for
solid samples (1) or the liquid microjet module [27] and
enables flexible switching between these two operation
modes. The endstation is equipped with a Scienta R4000
HiPP-2 electron energy analyzer (200 mm mean radius)
with variable entrance slit, coupled to a multi-channel plate
(MCP) detector and a charge-coupled device (CCD) cam-
era (2); the performance and design of this instrument are
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Fig. 1 a Picture of the new chamber for solid samples connected to
the NAPP endstation. The endstation is mounted on a moveable frame
to be attached to the SIM or to the PHOENIX beamline at PSI/SLS.
b Schematic layout of the NAPP endstation with the R4000 HiPP-2
electron energy analyzer (left hand side) together with the new
chamber (right hand side). See text for details

similar to those described in Ref. [7, 30]. The analyzer is
mounted on a mobile frame allowing for movement in the
x,y plane and in the z direction (3). In addition, the ana-
lyzer can rotate along the yaw, pitch and roll axes for fine
alignment. All the movements are realized via commer-
cially available stepper motors, with a resolution of 10 pm
and 0.01 mrad for linear and rotational movements,
respectively. These features ensure the flexibility required
to operate the endstation at both SIM and PHOENIX
beamlines at the SLS. The differential pumping on the
electron lens and pre-lens (4), each fitted with three ele-
ments, allows XPS and electron yield NEXAFS measure-
ments up to 20 mbar within an electron kinetic energy
range from 2 to 7000 eV.

Shown in Fig. 2a is the schematic of the in situ cell
together with the flow tube, which is 3 cm in diameter and
has a length of 15 cm. In order to minimize the effect of
external magnetic fields, a p-metal shield covers the flow
tube, the in situ cell and part of the sample manipulator. The
flow tube and the in situ cell, which is pushed directly onto
the analyzer nozzle, are surrounded by an external UHV
environment (Fig. 2b), and the two are connected through a
bypass: only the in situ cell is filled with vapors or gases,

with the ultimate pressure limit depending on the diameter
of the analyzer entrance cone (see below). After opening the
bypass valve, a pressure drop from ~ 1 mbar O, to below
5 x 1077 mbar in the sample region is achieved usually
within less than 30 min. The possibility to quickly vary the
pressure at the sample allows performing UHV and high
pressure measurements one after the other in the same
analysis cell. Compared to a standard XPS setup, where the
dosing of reactive gases is very difficult due to their inter-
action with the large surface of the analysis chamber and
any other part associated with it (bellows, manipulators,
etc.), our flow tube approach minimizes the internal surface
and permits dosing sticky gases with reduced wall effects.
This is possible thanks to the minimized surface area of only
140 cm? of the flow tube section between the exit of the gas
dosing line (described below) and the sample. This feature
distinguishes our chamber from all other setups dedicated to
near ambient pressure XPS, even from those featuring
smaller reaction chambers but longer gas admission lines
through manipulator arms [8, 31]. At the present stage, the
in situ cell and the flow tube are made of aluminum, but an
upgrade to titanium is in order.

As shown in Fig. 2a, the X-ray beam enters the analysis
chamber through a 1.5 mm x 1.5 mm x 100 nm thick
SizN, window, which ensures vacuum protection to the
beamline when working at high pressures (mbar range).
Furthermore, physical separation between chamber and
beamline also allows for using particularly corrosive gases.
The impinging beam, the sample surface normal, and the
analyzer axis lie in the same horizontal plane. The photon
incident (0,,) and the electron emission (6,) angles are 60°
and 30° from the sample surface normal, respectively, with
the angle between the photon beam and the analyzer fixed
at 90° (see the schematic illustration in Fig. 2a). The angle
between the linear polarization vector and the electron
emission axis can be varied between 0° and 90° both at
SIM and PHOENIX beamlines. The distance between the
Si3N4 window and the sample is 15 mm. The in situ cell is
equipped with two viewports (Fig. 2b) on which a high-
resolution endoscope and a wide-angle camera can be
mounted. This allows for looking at the sample for align-
ment purposes, and for monitoring whether or not its sur-
face changes appearance with time during the experiment.

The top part of the flow tube holds the dosing line. Gases
and vapors, such as water, are mixed together before
entering the flow tube. While gas flow is commonly con-
trolled via leak valves, here, in addition, the vapor flow from
volatile liquids is regulated by controlling the temperature of
the liquid itself (and hence its vapor pressure) with a Peltier
cell. More precisely, the flow rate is determined by the
pressure difference along a capillary tube: one end is con-
nected to the temperature-controlled reservoir of the liquid,
while the other end is connected to the flow tube of the
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Fig. 2 NAPP in situ cell setup.
a Section view of the in situ cell
together with the flow tube: the
sample is in measurement

position and the inlet and outlet

(a)

Viewport

tubes are shown together with s_'3N4
the entrance cone of the electron window
spectrometer. A schematic of

the measurement geometry is

reported on the left side (see text

for details). b Picture of a view ; i
into the in situ cell, the flow z E&Jh

tube and surrounding UHV . ‘> : ,JJJ
chamber as seen from the Sample Surface

electron analyzer. ¢ Liquid
nitrogen cooled and d IR-heated
manipulators

analysis cell. The reservoirs hold the liquid and its vapor,
and are made of glass to minimize chemical reactions with,
e.g., acidic liquids, or leaching promoted by these. The
capillaries that transport the vapors to the flow tube with a
diameter of 0.3-2.0 mm are made of stainless steel, while
those with a diameter of 0.1-0.2 mm to dose acidic traces or
other sticky gases are made of fused silica. A typical length
of the capillaries is 1 m. With such a dosing system attached
to the flow tube, the surface area that the trace gas and vapors
are exposed to increases to almost 600 cm?, with a total
volume of about 550 cm®. Figure 3a highlights the flexi-
bility of this approach for water and formic acid (HCOOH)
dosing. For instance, by changing the water vapor pressure
in the reservoir between 1 mbar and 15 mbar, reflecting

Ls i#alyﬁ(r

y
) 6
temperatures of ice or water from 253 to 286 K, the pressure
in the flow tube cell can be varied between 0.02 mbar and
1.4 mbar (blue dots). Partial pressures between 10~ mbar
and 10~" mbar in the flow tube are realized with vapor
pressures of formic acid in the dosing reservoir ranging from
8 to 50 mbar (pink dots). Figure 3a further illustrates the
high reproducibility of this dosing approach, as the indi-
vidual data come from independent measurements.
Figure 3b shows a selection of the formic acid dosing data.
At time of O h the valve separating the formic acid reservoir
at 265 K and the dosing capillary connecting with the anal-
ysis cell was opened. Then, in intervals of 30 to 60 min, the
temperature of the formic acid in the reservoir was increased
stepwise from 265 to 281 K to raise the vapor pressure at the

Fig. 3 a Partial pressures of N : - . =
water (blue dots) and formic ’g ( a) | - _E : : ! ! ;
acid (pink dots) measured in the ié 14 + o /47 5 = °
in situ cell as a function of the _ 4 / o 5 10" o
pressure measured in the “C_> 12 ! ; 16 @ GE) L
reservoirs containing the x 10+ IJ / _ 5 C @ @_
corresponding liquid or frozen o ; ? o S_’ 5
solid, respectively. b Evolution % 8- i / . 4 L % >
of the formic acid pressure in o “ 1 o o 0 %
the reservoir (orange line) and o 6r ' /c/ 13 ® = WOk 4
of the partial pressure of formic -g 4l ! o 1 2 O o a
acid in the analysis cell (pink g /J 54 BN > =
line) with time ON 21 ! = 11 9 g g
2= 0 , o} v L L 1 - :(l 1 0-1 L L i i 10.4 g
0 10 20 30 40 50 b 0 1 2 3 4

Reservoir pressure (mbar)

@ Springer

Relative time (h)



Top Catal (2016) 59:591-604

595

inlet of the capillary (orange line). Whenever the tempera-
ture of the reservoir was changed, the valve connecting the
reservoir and the capillary (the latter connected to the anal-
ysis cell) was closed and reopened once the pressure in the
reservoir had stabilized. This explains the pressure drops in
between the stepwise increases of the formic acid partial
pressure in Fig. 3b. Generally, the data set illustrates the fast
response time of the pressure in the reservoir to changes of
the temperature and the stable formic acid pressure in the
reservoir over hours. Even more, the pressure in the analysis
cell shows a fast response of ~ 10 min to reach ~90 % of
the final pressure; the last 10 % steadily and slightly increase
over timescales of about an hour. This is a significant
improvement in the response time compared to the standard
NAPP setups, where response times of several hours were
reported at comparable partial pressures of acetic acid [32].
For these measurements formic acid (98 %, Fluka 56302,
stored at 252 K) was used and cleaned by freeze—pump—thaw
cycles immediately before the dosing experiment.

A molecular beam sampling mass spectrometer (Hiden
HPR-60) is mounted directly at the lower exit of the flow
tube for quantitative analysis of the reactive gas species.
Additionally, a quadrupole mass spectrometer is mounted at
the second stage of the analyzer pre-lenses. The high pres-
sure in the inner chamber is monitored by baratron capaci-
tance manometers (MKS 626), while in all the other vacuum
sections the pressures are probed by full range gauge sensors
(Pfeiffer HPT-100). The pressure in the in situ cell is given
by the inlet gas flow via the capillaries or the leak valve and
by the gas flow being pumped by the electron analyzer and
the Hiden mass spectrometer. The outlet flow depends on
the diameters of both mass spectrometer and electron
energy analyzer orifices. The mass spectrometer is usually
operated with an orifice of 0.4 mm diameter, while the
electron analyzer either with 0.3 or 0.5 mm. A back-of-the-
envelope calculation of the viscous and molecular flows via
either of the orifices indicates that the in situ cell is typically
operated at total flows between 20 ml/min at 10 mbar and
0.1 ml/min at 0.1 mbar total pressure in the in situ cell
(volumetric flows at standard temperature and pressure
(STP)). These rough calculations have been confirmed by
measurements of the flows using mass flow controllers.

Cooling and heating of samples are challenging task in a
NAPP experiment. Indeed, when working with condens-
able gases, the manipulator sample surface has to be
coldest point in the chamber, otherwise the gas will con-
dense elsewhere. Also, traditional heating filaments, such
as tungsten or platinum wires, cannot be used in oxidizing
environments because they would either burn away or
catalyze undesired reactions. To perform experiments with
condensable gases a sample holder has been developed that
is equipped with a liquid nitrogen cryostat (Fig. 2¢). This
sample holder allows performing experiments at

temperatures down to 160 K and, thus, to reach high rel-
ative humidity (RH) up to the water condensation point
(100 % RH) at still reasonably low water partial pressure.
This permits to address surface chemical composition at
atmospherically relevant conditions. Thanks to the reduced
temperature fluctuations below 0.2 K, ice samples can be
grown on the cooled surface of this manipulator, as illus-
trated in the next section. In addition, this manipulator can
also heat samples up to about 373 K by annealing the
copper radiator serpentine with a heating plate. A second
sample holder, equipped with an IR laser diode (Laser
Components, 915 nm, 25 W), allows control of the sample
temperature between 293 and 1270 K (Fig. 2d). The laser
diode is connected to an optical fiber, which directs the IR
beam on the backside of the sample mounting plate. This
sample holder offers also a rotational movement along the
z axis. As future prospective, this possibility to heat the
sample will allow NAPP investigation of reactions on
catalytic surfaces at elevated temperatures, which will
further extend the versatility of this endstation.

Sample manipulation is another critical part of a NAPP
system, as several technical issues arise when the sample
has to be precisely positioned in a near ambient pressure
environment that, at the same time, is sealed against UHV.
Our new chamber features a load lock system allowing for
a quick sample entry from ambient air to vacuum: the
sample is first mounted on the manipulator and the whole
stage is then connected to the gate valve. After evacuation
of this volume, the gate valve opens and the sample is
introduced in the flow-cell while the manipulator rod
connects to the opening of the flow tube, thus assuring
vacuum-tight sealing. The sample manipulator and its link
to the translation stages are designed such that seals only
exist between the analysis cell and the surrounding UHV
volume on the one hand, and between the air side and the
UHV chamber on the other hand. The sample load proce-
dure is fully automated and requires short time, thus
allowing for fast sample exchange. Sample positioning
with a precision of +5 um along x, y, and z axes is
achieved with linear stage drives controlled via a Lab-
VIEW based software. This enables a precise control of the
sample position, which is a critical parameter for high
pressure measurements. Indeed, the effective pressure at
the sample surface is reduced due to the perturbation of the
entrance cone aperture. It is calculated that at a distance of
2R (R being the radius of the cone aperture), the local
pressure is about 95 % of the total pressure in the chamber
[6, 16]. Remarkably, even small variations of the pressure
field can lead to sizeable effects. For instance, we observed
preferential evaporation of the ice surface close to the
entrance cone at working distances below 2R, as previously
reported in Ref. [16], most probably due to a combination
of local pressure reduction and radiative heating of the ice
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surface by the aperture cone. To avoid such issues during
the investigation of ice samples, our analyzer can be fitted
with customized entrance cones realized in such a way that
the working distance, i.e., the distance between the orifice
and the focus of the analyzer in the center of the analysis
cell where the sample is positioned, corresponds to
4R. Moreover, thanks to the high quality of the lens
focusing system and the possibility to accurately align the
chamber with respect to the photon beam, the working
distance can be further optimized, thus permitting a precise
tuning of the measurement geometry.

Figure 4 shows the layout of the vacuum system, which
is almost identical to that shown in Ref. [27], except for the
different experimental chamber. All the turbo pumps are
from Pfeiffer (HiPace 300 1/s), while the root pumps of the
pre-pumping stages are from Adixen (600 1/s). When the
bypass is closed for high pressure measurements, the flow
tube chamber is pumped through the orifices of the electron
energy analyzer and mass spectrometer.

Similar to a setup we previously tested at the beamline
9.3.2 at ALS [25], a UV laser diode (Oxxius, 375 nm, 15
mW) is mounted on the viewport of the hemispherical
electron energy analyzer and aligned to the measurement
spot on the sample through the analyzer aperture by an
adjustable mount. This experimental configuration allows
the in situ investigation of photoactive materials under
atmospherically relevant conditions and light while, com-
pared to other setups [26], reducing the extent of gas phase
photochemistry induced by UV irradiation.

2 Proof-of-Principle Measurements

In this section we provide selected examples that demon-
strate the system capabilities. More precisely, we report on
the preliminary study of three scientific cases of major

Fig. 4 Schematic of the
vacuum system: the typical
pressures are measured with the
0.5 mm aperture cone (adapted
from [27])

-

< 2x108 mbar

HIPACE
300

impact in environmental and atmospheric chemistry, such
as photochemistry of titania (TiO,) nanoparticles, interac-
tion of trace gases with ice, and study of frozen NaCl-water
mixtures.

2.1 Photocatalysis on TiO,

Photocatalysis on TiO, is a major topic of research due to
its straightforward implications for depolluting appliances
[33, 34] and atmospheric chemistry [35]. For instance,
TiO, is a component of natural mineral dust that repre-
sents an important reactive aerosol in the atmosphere
affecting the ozone budget and the climate [36]. In this
context, adsorption of water and hydroxylation of the
surface, which are key aspects to understand TiO, pho-
tocatalysis in the environment, offer still major open
questions. Earlier near ambient pressure XPS studies have
provided important insight into the nucleation of water on
this surface [37, 38]. In a recent study we have quantified
the effect of humidity on ozone-induced band bending on
the TiO,(110) surface [39], and found interesting changes
in the partial electron yield oxygen K-edge absorption
spectra indicative of changes in the hydrogen bonding
structure in multilayers of water. Moreover, we have lately
shown how the downward band bending induced by UV
light [40] is likely to change the water adsorption prop-
erties on TiO,(110) [25]. With the aim of improving the
understanding of these issues, we have conducted first
experiments using the NAPP set-up for a water adsorption
experiment over a TiO, powder sample (Degussa P25)
under UV-irradiation and relevant atmospheric conditions
of humidity.

The TiO, samples were prepared according to the fol-
lowing procedure. A homogeneous solution of TiO, pow-
der and ethanol was prepared and deposited on the gold-
coated surface of the cooled manipulator. The sample was
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then dried to evaporate the ethanol and loaded into the
analysis cell. The O 1s core level spectra shown below
were measured at a photon energy of 730 eV and aligned
with respect to the Fermi level, measured on the gold-
coated surface of the manipulator in the same experimental
conditions. The NEXAFS spectra were measured in Auger
yield mode and are normalized to the beam intensity,
recorded with a photodiode mounted instead of the sample
before (and after) the experiments were performed. The O
K-edge NEXAFS spectra were measured at the “magic
angle” of 54.7° between the (linear) polarization of the
incident X-ray and the k vector of the electrons, using an
electron kinetic energy window of 460-520 eV. These
measurements were performed at the SIM beamline. The Ti
K-edge NEXAFS measurements were performed at the
PHOENIX beamline using a kinetic energy range of
3960-4020 eV. Oxygen was admitted to the chamber
through a leak valve, while water was dosed using the
capillary system described above.

Figure 5 shows the O 1s core level measured (a) in
vacuum and (b) in humid conditions (5 % RH) and
0.06 mbar partial pressure of O,. As illustrated by the
evolution of the O 1s core level region, several components

O1s
hv=730 eV

Photoemission intensity

ll.llxll.l‘l.l

534 532 530 528

Binding energy (eV)

536

Fig. 5 O s photoemission spectra of the TiO, powder sample
measured a in vacuum and b at 0.06 mbar partial pressure of O, at
5 % RH (0.36 mbar partial pressure of H,O at 272 K) together with
the fitting components, which are slightly shifted downward for
display. Overlapped in b is also the spectrum measured during UV
exposure. The binding energy scale for the O 1s spectrum obtained on
a clean surface in UHV conditions was constrained to the value of
530.4 eV for the oxide O 1s peak. All spectra are normalized to the
oxide peak intensity after linear background subtraction. The
measurements were performed at the SIM beamline

appear upon water vapor exposure besides the main peak at
530.4 eV, which corresponds to oxygen in the TiO, lattice.
These components are associated to OH groups and
molecular H,O at about 531.1 and 532.8 eV, respectively
[37]. Oxygen-containing carbon contaminants, desorbing
from the chamber walls once it is exposed to high pressure
or originating from the water source, might also contribute
to the spectral intensity in the OH binding energy range.
However, no increase of the C 1s intensity was observed
during the experiment. The evolution of the spectral
components as a function of RH is in line with previous
experimental findings indicating a stepwise mechanism for
water adsorption on TiO,. More precisely, water molecules
dissociatively adsorb on the oxygen vacancies of TiO,
surfaces, leading to the formation of OH groups which act
as nucleation centers for the adsorption of additional water
molecules [37]. It can be observed that a small concen-
tration of OH groups was found even before the admission
of water into the chamber, most probably because the
sample was not pretreated, e.g. annealed, before the mea-
surements. The additional photoemission peak appearing at
higher binding energy is associated with gas-phase water. It
is noteworthy that the thickness of the water layer does not
depend on the specific values of water vapor pressure and
temperature, but only on their combination, i.e., on the RH
value [6].

Figure 6 shows the comparison between O K-edge
NEXAFS spectra measured in dark and under UV irradi-
ation. The well-defined resonances Al (531.3 eV) and A2
(534.0 eV) correspond to excitations to O 2p-Ti 3d mixed
states [41]. The C1 (540.0 eV) and C2 (546.0 eV) peaks
arise from electron transfer to mixed states derived from O
2p and Ti 4sp states [41]. The adsorption of water on TiO,
causes an increase of the C1 and C2 resonances, as shown
by the comparison between the NEXAFS spectra measured
under dry (a) and humid (b) conditions. This is in accor-
dance with the fact that these are the components most
sensitive to oxygen—oxygen interactions, due to their pre-
vailing oxygen p character [41]. The observation that these
components further increase upon UV irradiation indicates
that the concentration of water molecules on the surface
further tends to increase under UV light. This is in line with
the previous experimental observation that UV light irra-
diation led to an enhanced concentration of hydroxyl
groups [25]. Furthermore, the comparison between O
K-edge spectra in Fig. 6a and b suggests that this photo-
induced effect is sizeable only if a sufficiently large amount
of H,O molecules is provided, i.e., the effect is almost
negligible under dry conditions. The outlined scenario is
supported by the O 1s photoemission spectrum measured
under humid conditions and during UV irradiation reported
in Fig. 5b (purple spectrum), which shows an increase of
the HyO(,q) component compared to the spectrum measured
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Fig. 6 O K-edge NEXAFS spectra for a TiO, powder sample in
presence of a 0.06 mbar O, and b with additional 0.36 mbar partial
pressure of H,O in dark conditions (grey) and under UV light
irradiation (red). ¢ Ti K-edge NEXAFS spectrum for TiO, powder
sample at 0.06 mbar pressure of O,. The measurements in a and
b were performed at the SIM beamline, while those in ¢ at the
PHOENIX beamline

under dark conditions (grey spectrum). It is worth noting
that the contribution of the gas phase to the NEXAFS
spectra reported in Fig. 6a, b is negligible because of the
low water vapor partial pressure used. Moreover, the
absorption peaks of the water gas phase [42] do not overlap
with the C1 and C2 resonances of the TiO, oxygen K-edge.
Finally, Fig. 6c illustrates the titanium K-edge NEXAFS of
the sample measured under 0.06 mbar oxygen pressure.
This spectrum shows three typical pre-edge features Al,
A2, and A3 that are associated to a mixing of 4p and 3d
titanium orbitals. The resonances B1 and B2, instead, are
due excitations to Ti 4sp hybridized orbital with O 2p states
[43]. It should be stressed that the capability to perform
NEXAFS measurements with soft and hard X-rays brings
about an enhanced depth selectivity. TiO, is a good
example in this regard, because the O and Ti K-edge
NEXAFS provide complementary information due to the
different IMFP of the corresponding Auger electrons.
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Indeed, the electrons IMFP at 500 and 4000 eV in TiO,,
corresponding approximately to the kinetic energy of the O
and Ti KLL Auger lines, is ~ 13 and ~63A, respectively.
This makes the O K-edge NEXAFS a surface probe com-
pared to the more bulk sensitive Ti K-edge NEXAFS.

2.2 Phase Changes of NaCl-Water Binary Systems

Sea salt, and in particular its major halide, chloride, is an
important reactant in the atmosphere. Chloride in air-borne
sea salt aerosol is—once chemically converted to a
molecular halogen (Cl,, BrCl) and released to the atmo-
sphere—well known as important atmospheric reactant,
driving large-scale changes to the atmospheric composition
and in particular to ozone levels in remote areas, but also in
coastal mega cities [17, 44]. Similar chemistry has been
proposed for sea salt deposits in polar snow covers [45]. A
crucial factor determining the overall reactivity is the local
physical environment of the chloride ion. For example, the
reactivity of liquid aerosols decreases significantly upon
crystallization [17, 46, 47]. Surprisingly, the phases of
NaCl-containing systems are still under debate [46, 48],
partially due to the limited availability of in situ mea-
surements directly probing the local environment at the
surface of frozen NaCl-water binary systems. The top panel
in Fig. 7 shows the phase diagram of NaCl-water at
200-300 K in the RH and temperature space as constructed
by Koop [49]. Here, the RH parameterizes the concentra-
tion of NaCl in solution, which is used in the more com-
monly known phase diagrams; the reference at each
temperature is the vapor pressure of pure (supercooled)
water. The corresponding solution composition can be
roughly estimated through Raoult’s Law, i.e., the mole
fraction of water in the solution identical to RH, or pre-
cisely by applying detailed activity based thermodynamic
equilibrium models [50], which is significant for the high
ionic strength solutions below 80 % RH. The shaded area
shows the region where the liquid aqueous solution is
thermodynamically stable. The boundaries of this region
define the regions at lower temperatures or lower RH
where solids are thermodynamically stable. At the line
indicating the ice-solution co-existence, the vapor pres-
sures of ice and of the solution match. The point where the
two boundary lines meet is the eutectic where solid ice,
solid NaCl hydrohalite, and aqueous solution are stable and
in thermodynamic equilibrium. Below the eutectic tem-
perature of 252 K, the liquid solution of NaCl in water is
thermodynamically not stable as macroscopic solution. It is
evident how the water uptake to NaCl driven by changing
RH dictates the phase of NaCl and its mixture with ice
or water [49]. In particular, the occurrence of the NaCl
hydrohalite has raised some uncertainty [51] as its for-
mation is kinetically hindered. Further, micro-sized
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Fig. 7 Top phase diagram of the NaCl-water system [45, 46];
indicated are the measured experimental points. Bottom Cl K-edge
NEXAFS spectra of (A) solid NaCl at 299 K and 3 % RH, (B) a
binary system of aqueous NaCl solution—ice at 255 K and 82 % RH,
and (C) NaCl dihydrate at 243 K and 35 % RH. The measurements
were performed at the PHOENIX beamline

particles have been observed to deviate from this thermo-
dynamic prediction and metastable liquid has been
observed in the region indicated by the dashed line in
Fig. 7 [49]. In the following, we show how NEXAFS
spectroscopy at the Cl K-edge can be highly informative on
the nature of the NaCl structure in NaCl-water binary
systems. Using XPS and NEXAFS spectroscopies of the O
1s core level and O K-edge, respectively, we previously
showed that these systems follow the phase rules at the air-
ice interface [52]. This finding contrasts some earlier
observations, where the presence of liquid-like Cl below
the eutectic point of bulk solutions [53] was postulated (see
Ref. [46] and references therein). In the present study, by
probing the CI K-edge, we are sensitive to small changes in
the local environment of the chlorine atom and the spectra
are not dominated by the excess water molecules as in the
case of the O K-edge spectra reported in our previous
investigation. The measurements reported in this section
were performed at the PHOENIX beamline at SLS. Auger
yield NEXAFS were measured at the Cl K-edge using a
kinetic energy window of 2350-2400 eV.

The points at which XPS and Auger yield NEXAFS
measurements have been performed are indicated by col-
ored letters in the top panel in Fig. 7. After drying some
droplets of NaCl solution on the sample holder at room
temperature, and transferring it into the in situ cell, the
solid NaCl sample was measured at 1.05 mbar water vapor
pressure and 299 K (point (A), RH ~ 3 %). Next, we
increased the water vapor pressure to 2.01 mbar and low-
ered the temperature to 260 K (RH ~ 107 %) to form a
NaCl solution. At this point, after formation of the solution
and its dilution by the excess water vapor pressure pro-
vided, we observed sudden nucleation of ice, both optically
via the endoscope camera, as well as by a pressure drop in
the in situ cell to 1.87 mbar, which is the vapor pressure of
ice at the temperature of the frozen sample of 260 K. The
formation of ice leads to the formation of a frozen NaCl
solution, i.e. solid ice and liquid NaCl solution in a 2-phase
system. We then equilibrated the system at 255 K (point
(B), 1.17 mbar, RH ~ 82 %). Also this point is above the
eutectic temperature of 252 K, meaning that the sample
was expected to consist of a mixture of solid ice and of
concentrated brine, the water activity of which was equal to
the vapor pressure of ice at this temperature. We take
advantage of this fundamental principle and derive surface
temperatures of frozen aqueous samples based on the
measured water vapor pressure in the in situ cell and the
parameterization of water vapor pressure over ice by Ref.
[54] when working with the cooled sample holder. In the
final step, pressure and temperature were set to 0.18 mbar
and 243 K, respectively, (point (C), RH ~ 35 %) in order
to slowly evaporate the ice and allow the formation of
NaCl dihydrate (NaCl-2H,0). Note that NaCl-2H,O can
only be formed in this way, and not by exposing NaCl to
H,O [45]. The bottom panel in Fig. 7 shows the chlorine
K-edge spectra measured at the above described three
points in the NaCl-water phase diagram. Dry NaCl, spec-
trum (A), shows a main absorption peak at 2825.0 eV,
corresponding to the transition from 1s to 4p orbitals [55],
and a typical post-edge feature [56] at 2836.0 eV. The pre-
edge peak at 2820.8 eV can be attributed to C—Cl bonds
[57] due to carbon contamination of the sample, as sizeable
amounts of NaOCl, showing an absorption peak at a similar
photon energy [58], can be excluded. The NEXAFS
spectrum of the frozen NaCl solution (B) is quite different
compared to that of the solid phase being characterized by
a broader edge with two components. The overall shape of
this spectrum is in agreement with that reported in Ref.
[56] and [59] for aqueous C1™. Finally, spectrum (C) from
the presumed NaCl dihydrate is almost similar to that of the
dry sample, but the carbon-related peak is absent. This can
be related to a reduced carbon contamination, as also
observed in the associated XPS spectra (not shown here).
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In summary, the Cl K-edge NEXAFS measurements
indicate the formation of a solution above the eutectic, and
formation of a solid salt phase below the eutectic and under
dryer conditions. More detailed analysis is needed to
unequivocally assign the Cl K-edge NEXAFS to the
dihydrate phase of NaCl. These results represent the
starting point for an improved understanding of the struc-
ture of eutectic and sub-eutectic frozen salt solutions in
presence of ice (high relative humidity), and in the hydrate
stability domain of the phase diagram (low relative
humidity). Moreover, the Cl K-edge measurements com-
plement and extend previously reported measurements at
the O K-edge NEXAFS for the same system [52], which is
sensitive to the hydrogen bonding environment of the water
molecules. However, compared to the oxygen K-edge, the
higher kinetic energy of the chlorine K-edge Auger elec-
tron corresponds to an increased probing depth of about
2-8 nm, and, therefore, to a much more bulk-sensitive
measurement. This allows for better comparison with other
bulk sensitive methods such as those described by Cho
et al. [60], who used nuclear magnetic resonance to iden-
tify sub-eutectic liquid NaCl.

2.3 Uptake of Trace Gases to Ice

In this last example we discuss the adsorption of trace
gases to ice, a question of paramount importance in
atmospheric and cryospheric environmental science.
Another pioneering application of NAPP was the confir-
mation of the uptake of trace gases to ice, namely acetone
[61] and acetic acid [32], which is a relevant process for
environmental science, but directly linked also to catalytic
research. Core level spectroscopy has successfully shown
that strong acids are predominately ionized on amorphous
solid water at 90 K leading to the suggestion of primal
dissociation on ice at temperatures relevant to the Earth’s
environment [62, 63]. The only study that directly observed
the degree of protonation and the structure of the hydrogen-
bonding network at low dosage at the ice surface at tem-
peratures of 240 K was recently published by our group
[51]. The use of NAPP is particular appealing when tar-
geting high environmental relevance, because this requires
operation with temperatures of the ice sample above
~200-240 K. At colder temperatures, the ice structure
might deviate from the hexagonal crystal structure typical
for the Earth’s cryosphere and those samples would thus
not mimic environmental ices as ideally [64, 65].

In the following we describe the typical procedure that we
followed to grow ice samples in our experiments on formic
acid uptake. A constant water vapor pressure of
7.7 x 1072 mbar was established in the analysis cell, which
corresponds to an equilibrium vapor pressure of water over
ice at 229 K. Then, the temperature of the cooled sample
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holder was lowered to 218 K and ice started to grow directly
on the copper surface. The water vapor pressure dropped to
2.2 x 1072 mbar because, in presence of ice on the cold
sample holder, the vapor pressure of the ice sample at the
given temperature determines the water vapor pressure in
the analysis cell. As long as this equilibrium vapor pressure
was lower than the 7.7 x 10~2 mbar dosed to the analysis
cell, the ice film grew. After 45 min the temperature of the
cooled sample holder was raised to 229 K to stop the growth
of the ice film and to maintain it stable at equilibrium. Based
on calculated flows into the analysis cell and a surface area
of the ice film of 0.8 cm?, a thickness of the ice film of 50 um
can be estimated. The ice film was allowed to crystallize at a
water partial pressure of 4.2 x 1072 mbar (223 K) for 12 h
prior to the formic acid dosing. This pressure is slightly
lower than the vapor pressure of 7.7 x 1072 mbar in
absence of ice and corresponds to a slightly growing ice
regime. Within this regime, the intensity of the O 1s XPS
spectra did not change with time, thus indicating that the ice
film at the measurement spot was stable. The slightly
growing ice regime indicated by the macroscopic pressure
measurements might be attributed to a heterogeneous tem-
perature distribution at the sample holder, or might indicate
that this growth compensated the evaporation of ice caused
either by heat transfer from the beam or by the pressure field
gradient in the proximity of the aperture cone of the ana-
lyzer. Once a stable condition for the ice film was estab-
lished, the formic acid was dosed into the chamber. Figure 8
shows an example of XPS survey spectrum of a clean ice
surface showing the O 1s, 2s and 2p peaks at 533, 25 and
about 7 eV, and the O Auger region. This spectrum was
measured at the SIM beamline using a photon energy of
730 eV.

Figure 9 shows the C 1s spectra measured during the
formic acid uptake at the ice surface. C 1s and O 1s core
levels (the latter not shown here) were measured in

2
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Fig. 8 Survey spectrum of the ice surface taken at the SIM beamline
of PSI/SLS with a photon energy of 730 eV. Note the absence of
carbon, nitrogen, or other contamination traces. The inset shows a
picture of the polycrystalline, crystal-clear ice film on the cooled
sample holder and of the electron analyzer cone in measurement
position taken during the measurement
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Fig. 9 C 1s core level spectra measured during formic acid uptake on
the ice surface at 223 K and 4.2 x 1072 mbar partial water vapor
pressure in the analysis cell. The measurements were performed at the
PHOENIX beamline of PSI/SLS with a photon energy of 2200 eV.
The C 1s spectra are vertically shifted for display

sequence during the uptake at the PHOENIX beamline
using a photon energy of 2200 eV. The C 1s spectra are
referenced to the binding energy of the O 1s core level peak
at 533.4 eV [32], and displaced in the vertical direction for
clarity. The C 1s spectrum measured before the admission
of formic acid into the analysis cell (black spectrum) shows
a component at about 285 eV that is associated to adven-
titious carbon contamination. Carbon impurities might
desorb from the wall surfaces of the flow tube cell in the
high pressure regime, for instance, during the ice growth.
In addition, beam-induced photochemistry and/or contam-
ination of the formic acid source may further contribute to
this component, as its intensity increased during formic
acid uptake. Once a formic acid partial pressure of
2.5 x 107> mbar was established in the analysis cell, the
adventitious carbon peak slightly grew, and a broad feature
appeared at about 290 eV, which is representative of car-
bon in a —C(O)OH (carboxyl) functional group. After
increasing the partial pressure to 2.5 x 1072 mbar, a direct
response of the —C(O)OH intensity to the dosing of formic
acid is evident. Within 5 min of dosing the —C(O)OH
signal increased significantly (red spectrum) and after
20 min, when the uptake and pressure equilibrium at the
sample was reached, a very intense and sharp peak had
evolved (green spectrum). At this point, the visual
inspection of the ice surface revealed a marked change of
the sample, and its shiny look indicated the onset of
melting. At this partial pressure range of about

2.5 x 102 mbar, the formic acid lowers the melting point
of ice so that melting at 223 K might have occurred. This is
based on a back-of-the envelope calculation of the ice
melting point depression of formic acid [66] using Raoult’s
law. It is important to note that the response to changes in
pressure illustrated in Figs. 9 and 3 represents a great
improvement compared to the very long equilibration time,
typically several hours, required for acid trace gases uptake
with standard NAPP setups at comparable partial pressures
[32]. Moreover, it is noteworthy that this is the first direct
observation of formic acid on ice, as earlier studies were
based on indirect observations of the gas-phase concen-
tration of formic acid upon contact with ice samples [67,
68]. It is planned to continue the investigation of formic
acid adsorbed to ice in the future.

3 Summary and Conclusions

A new chamber for near ambient pressure XPS and
NEXAFS investigation of solid/vapor interfaces at the
NAPP endstation has been presented. We have described
first results on the photochemistry of TiO, that support
previous experimental findings about increased concentra-
tion of water on TiO, under humid conditions and UV
irradiation. Furthermore, we have characterized several
distinct points in the NaCl-H,O phase diagram via NEX-
AFS spectroscopy measurements at the Cl K-edge and
correlated them with observed phase transitions. Finally, in
the last example we have proved the feasibility of ice
samples growth with the new chamber and the possibility,
precluded with other standard NAPP setups, to investigate
the interaction of this and other surfaces with sticky acidic
gases with reasonable equilibration times. These examples
demonstrate the capability to study interfaces between
solids and vapors as well as aqueous solutions, thus prov-
ing the potential of this new chamber at NAPP endstation
for the investigation of many scientific cases of relevance
to environmental and atmospheric chemistry.
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