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Apparatus for dosing liquid water in ultrahigh vacuum
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The structure of the solid-liquid interface often defines the function and performance of materials in
applications. To study this interface at the atomic scale, we extended an ultrahigh vacuum (UHV)
surface-science chamber with an apparatus that allows bringing a surface in contact with ultrapure
liquid water without exposure to air. In this process, a sample, typically a single crystal prepared and
characterized in UHV, is transferred into a separate, small chamber. This chamber already contains a
volume of ultrapure water ice. The ice is at cryogenic temperature, which reduces its vapor pressure
to the UHV range. Upon warming, the ice melts and forms a liquid droplet, which is deposited on the
sample. In test experiments, a rutile TiO,(110) single crystal exposed to liquid water showed unprece-
dented surface purity, as established by X-ray photoelectron spectroscopy and scanning tunneling
microscopy. These results enabled us to separate the effect of pure water from the effect of low-level
impurities present in the air. Other possible uses of the setup are discussed. © 2018 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC
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BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5046846

I. INTRODUCTION

The interaction of water with solid surfaces is of interest
to many fields ranging from meteorology and geochemistry
to heterogeneous catalysis, electrochemistry, and solar energy
conversion.! In industrial processes, solid surfaces are often
immersed in aqueous solutions. In an ambient environment,
surfaces are covered with a few-monolayer-thick water film
formed by condensation from humid air.> Whether intentional
or not, in practice, most surfaces are covered with water.

Although the interaction of water with various classes
of materials was studied extensively in the past,'>= the vast
majority of the research on well-defined surfaces was con-
ducted under ultrahigh vacuum (UHV) conditions. Water does
not exist as a liquid in UHV without a background pressure of
H,O vapor. Liquid water placed in a vacuum would evaporate
instantly, and larger volumes would freeze as a result of sud-
den heat loss. By contrast, conventional particle (atom, ion,
or electron)-based surface-science techniques are restricted to
UHV due to the short mean free path in a gas environment.
This limitation was overcome in specialized instruments by
differential pumping of the analyzer lens system® or by using
a micrometer-sized liquid jet’ containing nanoparticles of the
material under investigation, e.g., TiO,.® Another challenge
associated with high pressures is that even low fractions of
readily adsorbing impurities become significant within a short
time of exposure.

Reports in the literature show examples where the behav-
ior of water on surfaces cannot be extrapolated from UHV to
realistic conditions. Kendelewicz et al. found a high pressure
[p(H,0) > 10~* Torr] onset threshold for H,O dissociation
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on regular Fe304(001) surface sites.” At lower pressures, the
hydroxylation was observed only at the defects. In our previ-
ous work, we identified a restructuring of TiO,(011) surface
upon exposure to liquid water, '’ while low-pressure gas-phase
H,O dosed into a UHV chamber did not alter the surface
structure.!1-1?

Here, we present an apparatus for dosing ultrapure lig-
uid H,O on well-defined surfaces of single crystals pre-
pared and characterized in UHV. Similar efforts combined
UHV chambers with electrochemical cells for electrochemi-
cal experiments together with reliable sample preparation and
ex-situ spectroscopic and imaging techniques. Direct trans-
fer from a cell to the UHV during or after an electrochemical
experiment, commonly referred to as emersion experiments, '3
enabled acquiring snapshots of the actual surface. The samples,
prepared and characterized in UHV, were transferred into a
separate compartment and sealed off by pressing the manip-
ulator against a sealing surface'* or passing the manipulator
through differentially pumped O-rings.!>!¢ In systems with
exchangeable samples, they could be handed over to another
manipulator into a compartment separated from the UHV by a
valve. After venting (typically with inert gas), the sample was
either transferred through another valve to an external elec-
trochemical cell or the cell itself was inserted into the vented
compartment. A frequently used geometry for electrochemi-
cal measurements is a hanging meniscus configuration,'”~?
where the sample is facing down, and contact with the elec-
trolyte is established to this face only. Other designs work with
a flow of the electrolyte across the sample.>!-??

While there are many variants of electrochemical cells
(comprehensive reviews are provided in Refs. 13 and 23), the
transfer systems are similar. Typically the sample is handed off
to a compartment backfilled with an inert gas at atmospheric

pressure.
®
© Author(s) 2018
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In our system, the sample neither leaves the UHV envi-
ronment nor is it exposed to a venting gas. The sample is
transferred in UHV and placed underneath a thick film of ice.
This ice is grown on a cold tip by condensing vapor from
ultrapure liquid H,O. The cold tip is at cryogenic tempera-
ture, which reduces the vapor pressure of H,O to the UHV
range. By warming the tip, one can control the vapor pressure
evolving from the icicle, eventually melting it and depositing
a liquid H,O droplet onto the sample.

Il. EXPERIMENTAL SETUP

Experiments with liquid water were performed in a
custom-built side chamber attached via separately pumped
transfer chamber (base pressure 1 x 10™° mbar) to an existing
UHV system (base pressure 1 x 1079 mbar). All three cham-
bers are separable by gate valves [see Fig. 1(a) for a schematic
of the UHV system].

A. Integration with existing UHV-system

In the experiments, the sample is typically prepared in
the main chamber (based on an Omicron Compact Lab
UHYV system) by cycles of sputtering and annealing and can
be characterized by various techniques: scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS),
low-energy ion scattering (LEIS), and low-energy electron
diffraction (LEED). Afterward, the sample is transferred into
the small hexagonal chamber [within the red, dashed rectangle
in Fig. 1(a)] where exposure to water takes place. The pressures
in the main chamber and the transfer chamber are maintained
in the UHV range.

Located at the entrance to the transfer chamber is a cryo-
panel. It consists of an oxygen-free Cu sheet, rolled into a

©
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tube and cooled by liquid nitrogen (LN»). This cryo-panel
prevents residual water vapor and other gases condensable at
liquid nitrogen temperature from entering the transfer cham-
ber. In addition, it improves the pressure in the transfer cham-
ber. The tubular shape (32 mm diameter, 176 mm long)
allows passage of the magnetic transfer rod that carries the
sample.

B. Chamber for dosing liquid H,O

The water drop chamber (Fig. 2) has a hexagonal shape
and is mounted directly onto the gate valve (DN40CF, VAT)
of the transfer chamber without a connecting part. This
geometry reduces the internal volume and surface area and
accommodates up to six DNI16CF radial ports. The top,
recessed port was used for the so-called cold finger, described
in Sec. I C. The two ports at the bottom were used as an inlet
for H,O vapor and outlet to the cryo-sorption pump, respec-
tively. The inlet H,O vapor is guided by a tilted hole for an
almost direct line of sight to the cold finger. The pumping
hole intersects with the volume of the gate valve to achieve
better conductance [flow indicated in Fig. 2(b)]. In this con-
figuration, the pumping connects directly to the (dominant)
volume of the gate valve and allows for larger hole diameter
than would be possible in the case of a straight hole into the
sample compartment. Located on the front face of the water
drop chamber is a DN16CF viewport for observing the icicle
and the sample during the transfer and experiment. The drop
chamber houses a receptacle for Omicron-type sample plates.
The receptacle consists of two symmetric rails mounted to
the inner wall of the chamber that guide the insertion. Once
inserted, the sample plate rests on a 0.5 mm thin stainless-
steel wall. A copper rod is pressed to the bottom of the thin
wall and allows for sample heating or cooling during the
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FIG. 1. Overview of the vacuum system and setup for dosing liquid H,O. (a) Schematic of the UHV system including the hexagonal chamber for water exposure
(red, dashed rectangle) and (b) photo of the experimental setup. Individual parts of the UHV system in (a) are simplified and not drawn to scale.
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experiment. (Sample heating or cooling was not used in most
of the experiments described in the following.) The two addi-
tional ports at the top sides were used as an inlet for optional
gases and viewport for sample illumination. The internal vol-
ume and surface area of the chamber are 25 cm> and 81 cm?,
respectively, and can be reduced to 18 cm?® and 57 cm? by
omitting the two additional ports at the top sides. These num-
bers do not include the DN40OCF gate valve and refer to the
chamber with all ports covered by blank flanges excluding
the area of blanks. If other parts were mounted to the cham-
ber, this would increase the total surface area and alter the
volume.
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FIG. 2. Hexagonal drop chamber
viewed from the direction of the transfer
chamber: (a) section view with a
description of ports and (b) perspective
partial section view; blue arrows
indicate the diverted flow of H,O vapor
from the supply to the cryo-sorption
pump. The flange connecting to the gate
valve is at the front and the DN16CF
viewport is in the back.

C. Cold finger

The cold finger is a small flow cryostat mounted to the top
port of the hexagonal chamber. Its primary function is to create
a localized cold spot. When water vapor is introduced into the
chamber, it freezes on the cold tip while condensation on other
surfaces is avoided. The ice at the tip has to be cooled below
130 K to maintain the water vapor pressure below 1 x 1071°
mbar, which is desirable for sample transfer between UHV and
the water drop chamber.

Labeled in Fig. 3 are individual parts of the cold fin-
ger assembly as referred to in the further text. The coolant

16CF knife edge — Thermocouple B

+—— Vacuum insulation

—— Thin wall

Thermocouple A
Heat exchanger

Cold tip (77 K)

_.‘ Coldie &

fingen

Sampll;

FIG. 3. Section view of the cold finger. The LN, flowing from the supply to the cold tip is marked in light blue and the exhaust LN, after passing through the
heat exchanger is marked in light green. Parts made of copper and stainless steel are indicated in orange and gray, respectively. The section within the dashed
rectangle in (a) is magnified in (b). The blue shading indicates the temperature gradient between the cold tip and the counter-heated upper part. The photographs
in (c) show ice, locally formed at the lower part of the tip, and a liquid H,O droplet before deposition onto the sample.
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(here LN») is guided by a stainless steel capillary (inner diam-
eter 0.5 mm) from the inlet at the top all the way down to the
tip. At the tip, LN, enters a copper heat exchanger pressed onto
the inner surface of the tip. N, expands and returns through a
concentric exhaust tube. A particle filter, located at the inlet,
prevents (ice) particles from entering the capillary. Circulation
of LN, is achieved by pumping the exhaust with a roughing
pump and by the hydrostatic pressure of an LN, reservoir on
top of the inlet. In order to localize the cold spot at the tip
of the cold finger, the wider part above the tip is counter-
heated (typically to 40 °C) by pressing a resistively heated
copper tube to the inner stainless steel surface. Heat transfer
by conduction between cold and warm areas is minimized by
separating them by a thin-wall (0.3 mm) stainless steel tube.
To avoid heat transfer by convection, the inner volume of the
cold finger is evacuated with a roughing pump. This enables
the tip of the cold finger to be locally cooled to cryogenic
temperatures while the upper parts are kept above room tem-
perature. The temperatures of both, the cold and warm parts,
are measured with K-type thermocouples mounted on the inner
surfaces [thermocouples A, B in Fig. 3(b)]. Good thermal con-
tact and a rough vacuum seal between the N5 and the insulation
vacuum on the cold side are achieved by pressing the copper
parts against the stainless steel surfaces. Defined forces are
provided by compression springs. At the top side, the exhaust
LNj isisolated from the rough vacuum by Viton O-rings placed
in precision-machined grooves. All parts that reach into the
UHV were machined out of the stainless steel (SAE 304),
while the inner parts were made of stainless steel and copper.
Before the final assembly, the outer surface of the tip of the
cold finger (reaching into UHV) was boiled and sonicated in
pure H,O as the last step before mounting it to the hexagonal
chamber.

lll. EXPERIMENTAL PROCEDURE

Ultrapure H,O (MilliQ, Millipore, 18.2 MQ cm, <3 ppb
total organic carbon) was used as a water supply. It was placed
into a glass vial [labelled “H,O reservoir” in Fig. 1(b)] that
was cleaned in boiling H,O and extensively rinsed with ultra-
pure H,O. Afterward, the vial was filled with fresh H,O,
mounted to the hexagonal chamber via a valve (Fujikin) and
further purified by several freeze-pump-thaw cycles. Before
the experiment, a few cycles of exposing the drop chamber to
the H,O vapor evolved from the reservoir followed by pump-
ing were performed. This procedure cleaned the walls of the
drop chamber by removing weakly bound molecules that were
replaced by H,O.

The apparatus was then typically used in the following
way. The hexagonal drop chamber was evacuated with the tur-
bomolecular pump of the transfer chamber, and the tubular
cryopanel at the entrance was cooled down with LN,. The
typical pressure in the transfer chamber was 3 x 10~8 mbar
without a bakeout between experiments. The inner volume of
the cold finger and the exhaust was evacuated with roughing
pumps to remove residual humidity. Counter heating of the
upper parts of the tip was set to 40 °C and the heating power
was regulated by a proportional integral differential (PID) con-
troller. The typical heating power was 10 W (20 V, 0.5 A). The
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tip of the cold finger was then cooled down, the hexagonal
chamber was separated from the transfer chamber by a gate
valve, and H,O vapor was introduced from the reservoir of
purified liquid water via an ON-OFF valve (Fujikin). Due to
the localized cooling of the cold finger, water froze at the tip
where it formed an icicle [see Fig. 3(c)]. The thickness of the
ice film, i.e., the volume of the droplet, was determined by
the time the valve was opened and by the vapor pressure of
the water in the reservoir, which, in turn, was controlled by
adjusting its temperature. In practice, the temperature of the
bath was stabilized slightly above 0 °C to avoid condensation
on the drop chamber walls and to allow for controlled growth
of icicles.

While the icicle was kept at a cryogenic temperature, a
sample was transferred from the main chamber of the UHV
system, and placed into the drop chamber, directly under the
tip of the cold finger. No pressure increase in the transfer cham-
ber was observed during the transfer. The drop chamber was
then closed off from the transfer chamber, and the cold fin-
ger was allowed to warm up by closing the inlet of the LN,
supply. As the tip warmed up, the sample was exposed to the
increasing pressure of water vapor evolving from the icicle.
Eventually, the icicle melted, and a droplet of liquid water fell
on the sample surface. Optionally, additional gas can be intro-
duced to the chamber during this procedure. After appropriate
exposure time, the hexagonal chamber was pumped with an
LNj;-cooled sorption pump. We found that additional, efficient
pumping could be achieved by cooling the tip of the cold finger,
which is favorably located in the center of the hexagonal drop
chamber, facing the sample. When an H,O droplet is pumped
from the sample, high pumping speed is not always desirable.
In response to a sudden pressure drop, the droplet freezes and
the block of ice then slowly sublimes from the sample. A more
time-efficient way of pumping is to limit the pumping speed
in order to avoid freezing and pump the droplet from its liquid
state. After evacuation, the sample was transferred to the UHV
chamber for analysis.

IV. PERFORMANCE EVALUATION

The experimental setup described here was already used
in our study of liquid water on a prototypical oxide surface
TiO,(110).>* There, we clarified the origin of an ordered
carboxylic-acid overlayer spontaneously formed on the sur-
face by adsorption or organic acids present in the air. Such
overlayers were previously reported by other groups>>~28 after
exposure of the TiO,(110) surface to liquid water in the pres-
ence of air and were incorrectly attributed to ordered interfacial
H,O at the surface.”>?” Upon exposure to pure, liquid HyO
using our system, the TiO,(110) surface retained its original
(1 x 1) structure, and no such overlayer was observed.

In addition, XPS data of the Cls transition are shown
here (Fig. 4) to demonstrate the performance of our sys-
tem. Two procedures are compared. In the first experiment
(green curve in Fig. 4), we put a liquid H,O droplet on a pre-
cleaned TiO,(110) sample inside the transfer chamber after it
was vented with high-purity Ar (purity 99.999%, Air Liquide,
additionally purified with an inline sorption filter MC50-902
FV from SAES). Outward overpressure flow of argon was
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C 1s XPS

—— 0.5 ML HCOO
— H,O drop (Ar flow)

— H,0 drop (cold finger)
—— UHV-prepared
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FIG. 4. Purity evaluation. Photoelectron spectra for comparison of an ultra-
pure liquid HoO drop on the TiO,(110) surface deposited with a pipet in
purified Ar flow (carbonaceous contamination 0.20 ML) and liquid H, O dosed
with the system described here (carbonaceous contamination 0.04 ML). Sat-
uration coverage of formate (0.5 ML) gives a quantitative reference. All XPS
data were acquired using Mg Ka X-rays and a SPECS Phoibos 100 analyzer
with a pass energy of 40 eV at grazing emission (70°) from the surface nor-
mal. All spectra were normalized to the low-binding-energy background and
vertically offset for clarity.

maintained during the experiment. Fresh ultrapure H,O
(MilliQ) was deposited onto the sample using a pipet (Eppen-
dorf). The transfer chamber was then evacuated with an LN,-
cooled sorption pump (Ultek, Perkin Elmer) for ca. 3 min
before opening the transfer chamber to a turbomolecular pump
running at full speed behind a gate valve. The experiment
yielded 0.20 ML of carbon evenly distributed between adven-
titious C (284.3 eV) and carboxylate C (288.3 eV). In the
second experiment (blue curve in Fig. 4), a liquid H,O droplet
was deposited on a pre-cleaned sample using the apparatus
described here. The latter procedure leads to a visibly cleaner
result. After subtraction of the nominally clean UHV-prepared
spectrum (black curve in Fig. 4), the remaining carbon cov-
erage is 0.04 ML, almost entirely in the form of adventitious
carbon. Moreover, adventitious C is not expected to be homo-
geneously spread on the surface but rather exists in the form of
aggregates (see the STM image in Ref. 24). All coverages are
calibrated using a spectrum of saturation coverage (0.5 ML) of
formate (HCOO™) on TiO,(110) (red curve in Fig. 4). It was
produced by dosing excess (10 L = 1 x 107> Torr s) of formic
acid (HCOOH, Sigma Aldrich, purity 98%) in the main UHV
chamber. Upon dissociative adsorption of HCOOH, a dense
layer of formate forms at a saturation coverage of 0.5 C atom
per surface unit cell.>

V. POTENTIAL OTHER USES

The apparatus was designed to prioritize purity above ver-
satility. It offers, however, a number of other applications. The
system could equally be used for clean dosing of other lig-
uids whose vapor pressure is sufficiently low at LN, pressures.
Alternatively, liquid He could be used as a cooling agent. Iso-
topically labeled liquids can be dosed, e.g., isotopically labeled
H,'80. In a conventional UHV chamber, the '°O (from the
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oxide crystal lattice) and 180 (from water) can be distinguished
by low-energy ion scattering or by a mass spectrometer upon
desorption. An easy modification would be adding more liquid
reservoirs for dosing different liquids. Apart from evaporable
liquids, a solution of a solid substance in a liquid could be
prepared directly on a sample. A certain amount of salt would
be transferred on the surface and then diluted with a droplet
of pure H>O. Provided that the sample is electrically insu-
lated from the chamber and contacts for other electrodes are
included, such a setup could work as a simple electrochemi-
cal cell in a droplet. Viewports on the chamber provide good
visual access to the sample surface. This makes it possible to
measure contact angles of liquids wetting well-defined sam-
ples in a well-defined environment similar as in Ref. 30. If
UV-grade viewports are used, this setup presents a controlled
environment for UV illumination of samples in contact with
liquids and variety of gases. Focused UV light (or using an
aperture to crop the beam) is preferred to illuminate the sam-
ple surface only and prevent potential UV-induced desorption
from the chamber walls.

A similar setup could be used as a miniature cryostat to
locally cool a sample or a part inside a UHV chamber, e.g.,
to avoid undesirable condensation of gases on other surfaces.
Because the cold finger is mounted on the DN16CF flange
(1.33 in outer diameter), it offers a compact alternative to com-
mercially available cryostats. Furthermore, the condensation
or desublimation of various well-defined substances can be
studied in different temperature/pressure regimes and option-
ally in the background of a variety of gasses. The shape and
roughness of the cold surface where condensation occurs could
be adapted for that purpose.

VI. CONCLUSION

We have presented the design of an apparatus for dosing
ultrapure liquid H,O on samples prepared and characterized
in UHV. In this closed system, samples are not transferred to
an external cell at atmospheric pressure. Instead, a sample is
transferred under UHYV into a small side chamber and placed
below an icicle of ultrapure water ice, whose vapor pressure
is decreased to the UHV range by cooling it to cryogenic tem-
peratures. Upon warming, the ice melts, and a liquid H,O
drop is deposited onto the sample. The function of the setup
was tested on a TiO»(110) surface, which proved to be a very
sensitive probe to organic impurities. In our previous work,
we identified that formic and acetic acids present in air read-
ily adsorb on TiO,(110).>* These were not avoided even in
high-purity argon under flow conditions as demonstrated by
the peak at 288.3 eV (see the green curve in Fig. 4). Using the
setup described here, we were able to avoid sample contami-
nation by carboxylic acids, which have a very high affinity to
adsorption, and we could substantially reduce the overall level
of carbonaceous impurities.

ACKNOWLEDGMENTS

This work was supported by the Austrian Science Fund
FWF (Wittgenstein Prize Project No. Z 250-N27 and Doc-
toral College “Solids4Fun,” Project No. W1243-N16) and



083906-6 Balajka et al.

European Research Council (ERC) advanced grant “Oxide
Surfaces” (No. ERC-2011-ADG-20110209). The authors
thank Rainer Gértner and Herbert Schmidt for manufacturing
custom-designed components.

P, A. Thiel and T. E. Madey, Surf. Sci. Rep. 7, 211 (1987).

2G. Ketteler, S. Yamamoto, H. Bluhm, K. Andersson, D. E. Starr, D. F.
Ogletree, H. Ogasawara, A. Nilsson, and M. Salmeron, J. Phys. Chem. C
111, 8278 (2007).

3M. A. Henderson, Surf. Sci. Rep. 46, 1 (2002).

4A. Hodgson and S. Haq, Surf. Sci. Rep. 64, 381 (2009).

SR. T. Mu, Z. J. Zhao, Z. Dohnalek, and J. L. Gong, Chem. Soc. Rev. 46,
1785 (2017).

SD. R Ogletree, H. Bluhm, G. Lebedev, C. S. Fadley, Z. Hussain, and
M. Salmeron, Rev. Sci. Instrum. 73, 3872 (2002).

7B. Winter and M. Faubel, Chem. Rev. 106, 1176 (20006).

8M. J. Makowski, R. P. Galhenage, J. Langford, and J. C. Hemminger, J.
Phys. Chem. Lett. 7, 1732 (2016).

ST, Kendelewicz, S. Kaya, J. T. Newberg, H. Bluhm, N. Mulakaluri,
W. Moritz, M. Scheffler, A. Nilsson, R. Pentcheva, and G. E. Brown, J.
Phys. Chem. C 117, 2719 (2013).

107, Balajka, U. Aschauer, S. F. L. Mertens, A. Selloni, M. Schmid, and
U. Diebold, J. Phys. Chem. C 121, 26424 (2017).

11C. Di Valentin, A. Tilocca, A. Selloni, T. J. Beck, A. Klust, M. Batzill,
Y. Losovyj, and U. Diebold, J. Am. Chem. Soc. 127, 9895 (2005).

12y, B. He, W. K. Li, X. Q. Gong, O. Dulub, A. Selloni, and U. Diebold, J.
Phys. Chem. C 113, 10329 (2009).

13H. E. Hoster and H. A. Gasteiger, in Handbook of Fuel Cells: Fundamen-
tals, Technology and Applications, edited by W. Vielstich, A. Lamm, and
H. A. Gasteiger (John Wiley & Sons, Ltd., Chichester, 2003).

4D, E. Gardin and G. A. Somorjai, Rev. Sci. Instrum. 64, 1304 (1993).

Rev. Sci. Instrum. 89, 083906 (2018)

151, wW. H. Leung, T. W. Gregg, and D. W. Goodman, Rev. Sci. Instrum. 62,
1857 (1991).

l6p Faisal, M. Bertram, C. Stumm, S. Cherevko, S. Geiger, O. Kasian,
Y. Lykhach, O. Lytken, K. J. J. Mayrhofer, O. Brummel, and J. Libuda,
J. Phys. Chem. C 122, 7236 (2018).

ITH. Hoster, T. Iwasita, H. Baumgartner, and W. Vielstich, J. Electrochem.
Soc. 148, A496 (2001).

18p, Aberdam, R. Durand, R. Faure, and F. Elomar, Surf. Sci. 171, 303
(1986).

PR L. Borup, D. E. Sauer, and E. M. Stuve, Surf. Sci. 293, 10 (1993).

20p, Grumelli, B. Wurster, S. Stepanow, and K. Kern, Nat. Commun. 4, 2904
(2013).

21Y. Hoster, T. Iwasita, H. Baumgartner, and W. Vielstich, Phys. Chem. Chem.
Phys. 3, 337 (2001).

223, Schnaidt, S. Beckord, A. K. Engstfeld, J. Klein, S. Brimaud, and
R.J. Behm, Phys. Chem. Chem. Phys. 19, 4166 (2017).

23E. Reniers, J. Phys. D: Appl. Phys. 35, R169 (2002).

4y, Balajka, M. A. Hines, W. J. I. DeBenedetti, M. Komora, J. Pavelec,
M. Schmid, and U. Diebold, Science 361, 786-789 (2018).

Y, Hussain, G. Tocci, T. Woolcot, X. Torrelles, C. L. Pang, D. S. Humphrey,
C. M. Yim, D. C. Grinter, G. Cabailh, O. Bikondoa, R. Lindsay, J.
Zegenhagen, A. Michaelides, and G. Thornton, Nat. Mater. 16, 461 (2017).

26 A, Sasahara and M. Tomitori, J. Phys. Chem. C 120, 21427 (2016).

27G. Serrano, B. Bonanni, M. Di Giovannantonio, T. Kosmala, M. Schmid,
U. Diebold, A. Di Carlo, J. Cheng, J. VandeVondele, K. Wandelt, and
C. Goletti, Adv. Mater. Interfaces 2, 1500246 (2015).

BA.Q. Song, E. S. Skibinski, W. J. I. DeBenedetti, A. G. Ortoll-Bloch, and
M. A. Hines, J. Phys. Chem. C 120, 9326 (2016).

295, A. Chambers, M. A. Henderson, Y. J. Kim, and S. Thevuthasan, Surf.
Rev. Lett. 5, 381 (1998).

30T, Zubkov, D. Stahl, T. L. Thompson, D. Panayotov, O. Diwald, and
J. T. Yates, Jr., J. Phys. Chem. B 109, 15454 (2005).


https://doi.org/10.1016/0167-5729(87)90001-x
https://doi.org/10.1021/jp068606i
https://doi.org/10.1016/S0167-5729(01)00020-6
https://doi.org/10.1016/j.surfrep.2009.07.001
https://doi.org/10.1039/c6cs00864j
https://doi.org/10.1063/1.1512336
https://doi.org/10.1021/cr040381p
https://doi.org/10.1021/acs.jpclett.6b00445
https://doi.org/10.1021/acs.jpclett.6b00445
https://doi.org/10.1021/jp3078024
https://doi.org/10.1021/jp3078024
https://doi.org/10.1021/acs.jpcc.7b09674
https://doi.org/10.1021/ja0511624
https://doi.org/10.1021/jp903017x
https://doi.org/10.1021/jp903017x
https://doi.org/10.1063/1.1144084
https://doi.org/10.1063/1.1142382
https://doi.org/10.1021/acs.jpcc.8b00558
https://doi.org/10.1149/1.1365142
https://doi.org/10.1149/1.1365142
https://doi.org/10.1016/0039-6028(86)91083-6
https://doi.org/10.1016/0039-6028(93)90238-f
https://doi.org/10.1038/ncomms3904
https://doi.org/10.1039/b004895j
https://doi.org/10.1039/b004895j
https://doi.org/10.1039/c6cp06051j
https://doi.org/10.1088/0022-3727/35/21/201
https://doi.org/10.1126/science.aat6752
https://doi.org/10.1038/nmat4793
https://doi.org/10.1021/acs.jpcc.6b05661
https://doi.org/10.1002/admi.201500246
https://doi.org/10.1021/acs.jpcc.6b02132
https://doi.org/10.1142/s0218625x98000700
https://doi.org/10.1142/s0218625x98000700
https://doi.org/10.1021/jp058101c

