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ABSTRACT. Cobalt oxides have been identified as highly active catalysts for the electrochemical

water splitting and oxygen evolution reaction. Using near-ambient pressure resonant photoelectron
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spectroscopy, we studied changes in the metal-oxygen coordination of size-selected core-shell
CoOx nanoparticles induced by liquid water. In dry conditions, the nanoparticles exhibit an
octahedrally coordinated Co?* core and a tetrahedrally coordinated Co?* shell. In the presence of
liquid water, we observe a reversible phase change of the nanoparticle shell into octahedrally
coordinated Co?* as well as partially oxidized octahedrally coordinated Co®*. This is in contrast to
previous findings, suggesting an irreversible phase change of tetrahedrally coordinated Co?* after
the oxygen evolution reaction conditioning. Our results demonstrate the appearance of water-
induced structural changes different from voltage-induced changes and help us to understand the

atomic scale interaction of CoOx nanoparticles with water in electrochemical processes.

KEYWORDS. near-ambient pressure XPS, solid-liquid interface, cobalt oxide, reversible phase

change, core-shell nanoparticles



The electrochemical water splitting process consists of two half reactions, namely the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) for which commonly expensive
and rare noble elements like Pt and Ir/Ru based catalysts are used, respectively, hindering the
commercial application.>? For this reason, extensive research efforts are made to find abundant,
active and stable electrocatalysts, with 3d transition metal oxides being a promising material
class.}? Key catalytic performance parameters such as the efficiency and stability, depend on
molecular processes determined by the electronic-structure at the solid-liquid interface between the
electrocatalyst and the electrolyte. An in-depth insight into such an interface and its evolution under
different chemical environments and under potential control can be now achieved thanks to modern
spectroscopic tools such as near-ambient pressure photoelectron spectroscopy (NAP-XPS).

Due to its abundance and catalytical activity we focus on cobalt oxide nanoparticles (NPs).13-11
The investigation of different cobalt oxide NPs revealed that they have similar catalytic activities
for the oxygen evolution reaction (OER) independent of their oxidation state and coordination,
with Co304 being the most stable against corrosion.! However, it has been shown that the near-
surface oxygen chemistry of CoOx(OH)y and redox electrochemistry are correlated to the catalytic
activity, showing the importance of reducible p2-OH bridged Co®* sites.!?

Bulk cobalt oxide is thermodynamically stable at room temperature in two forms: 1) rocksalt
CoO, which consists of octahedrally (On) coordinated Co?*, and 2) spinel Co304, consisting of the
tetrahedral (Tq) coordinated Co?* A site and the On Co®* B site.>® Selectively replacing a phase
of spinel Co304 with inactive Zn?* or AI** revealed that under OER conditions On Co** forms a
stable bond with -OH groups, limiting its catalytical activity, whereas Co?* forms CoOOH7, as
predicted by theory!8. This transformation of Ta Co?" towards CoOOH in spinel Co304 under

applied oxidizing bias is a reversible process, induced by its oxygen affinity, which is a result of
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the ability to release electrons under applied potential.®1"1%2° Near-ambient pressure XPS of
Co0304 demonstrated this transformation during OER and its immutability without applied
oxidizing bias.? In contrast, On Co?*, the more active site for oxygen reduction reactions (ORR),
transforms irreversibly into On Co%" and Ta Co?" during ORR.?? Another irreversible
transformation occurs for T4 and On Co?* oxides, forming CoOx(OH)y during OER conditioning,
contrary to the mentioned reversible transformation of Co030s.!?2 These transformations
demonstrate the significance of understanding the specific solid-liquid interface that determines
the surface structure and surface processes relevant for water splitting applications.

In the case of CoOx NPs, Papaefthimiou et al. suggested that the core consisted of rocksalt CoO
(On Co?*) surrounded by a partly wurtzite CoO (T4 Co?*) shell.X> Macroscopic wurtzite is not stable
under ambient conditions, since the rocksalt structure is energetically favoured (by 0.27 eV per
Co0, according to lattice energy calculations®®). However, it can still occur embedded in another
crystal®* supporting its structure, or due to surface stress as a metastable phase on the nanoscale
length, either as a nanoparticle'?14252¢ or as a thin film on top of epitaxially grown rocksalt CoO.
21,28 |_ykashuk et al. demonstrated that the grain size of cobalt oxide influences the flexible
adjustment to various reaction environments.?® Additionally, Fischer-Tropsch synthesis studies
with CoOx NPs under reducing and oxidizing atmospheres showed their stability up to a
temperature where bulk CoOx is easily oxidized or reduced in the respective atmospheres, e.g. 630
K in O2 atmosphere®, possibly due to the stabilizing wurtzite shell 303t

Figure 1 (a) sketches the crystal structure and a simplified 3d orbital occupancy of On Co?* and
Ta Co?* .21 Due to a different coordination and crystal field splitting, the order and occupation of
the ey and tzg levels are also different. For the tetrahedrally coordinated T¢ Co?* case, the lower

lying eq level is fully occupied, whereas the tzg level of the On Co?* species has a one-electron
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vacancy.***? This vacancy will lead to a pre-peak in the Co 2p X-ray absorption spectra (XAS) of
On Co?*, making it possible to distinguish between both configurations. For comparison, Figure 1
(a) also displays the spinel CosQOa4 crystal and its electronic structure, which consists of two-thirds
On Co**.1233 As will be discussed in Figure 2, we focus on the partial electron yield x-ray absorption
spectra (PEY-XAS), which are the integral of the specific Auger-electron decay channel signals
(see Figure 1) as a function of the photon energy. A detailed description can be found in the

methods section.
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Figure 1. (a) Crystal structure of rocksalt (rs) CoO, wurtzite (wz) CoO, and spinel CosOa.
Polyhedrons represent the different coordination structures of the cobalt complexes. Dark blue
octahedrons represent On Co?*, light blue octahedrons in Co3Oa are On Co®* coordinated, and green
tetrahedrons are Td Co?*. The corresponding electron occupation of the eq and t2g molecular orbitals
for each Co-O coordination is shown at the bottom.**34% (b) Atomic force microscopy image of
the size-selected CoOx NPs with a height of 7.0 £ 2.0 nm on a SiOx/Si(111) substrate. (c) Schematic
representation of the (normal) XPS process, the participator and the spectator Auger decay. The

latter two only occur in resonance.

This observed stability and the suggested core-shell structure of CoOx NPs raises the question of
the specific structural interface in contact with water. The interface properties, especially the near-
surface electronic structure, determine the molecular processes during the OER. Naturally, NAP-
XPS is the method of choice to experimentally investigate the electronic structure and the element-
specific surface composition. For this purpose a few-monolayer thick water film was adsorbed onto
the CoOx NPs solid surface in contact with a SiOx/Si(111) substrate. Figure 1 (b) displays an AFM
image of the used CoOx NPs on a SiOx/Si(111) substrate. Several groups explored already in detail
the liquid film formation on several metal and metal oxide samples, e.g. TiO2(110), Cu(110),
Cu(111)%, Fe304(001)% and a-Fe203(0001)%, as a function of the water vapor pressure, relative
humidity and sample temperature, indicating the necessary pressure range to form a liquid H20
monolayer.

We apply soft X-ray NAP-XPS to size-selected CoOx NPs, focusing on resonant X-ray

photoelectron spectroscopy (resXPS) at the cobalt Ls-edge, to gain insight into the water/CoOx NP
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interface. Here, we report a reversible water-induced phase-change between tetrahedrally
coordinated Co?" into octahedrally coordinated Co?* and partially oxidized octahedrally
coordinated Co%*, occurring without an applied oxidizing bias. Additionally, we discuss the
resonant enhanced valence-band structure of the catalyst in contact w/ and w/o liquid H20.
RESULTS AND DISCUSSION

PEY-XAS under high vacuum and near-ambient pressure conditions (Co Ls-edge).
Information on the oxidation state and atomic coordination of the CoOx NPs can be achieved by
sweeping the photon energy through the Co Ls-edge and integrating the resonant Auger decay
channels to generate the 2p3p3p and 2p3p3d PEY-XAS, presented in Figure 2 (a) and (b),
respectively. The notation, e.g., 2p3p3d describes a 2p hole that is refilled by a 3p electron and the
excess energy is transferred to a 3d electron that leaves the system. In all measured PEY-XA spectra
we subtracted a linear background and normalized to the absorption maximum at around Eph =
778.1eV. Both black PEY-XA spectra were measured under high vacuum conditions at 2.5x10
mbar. For comparison, in Figure 2 (c) we present calculated spectra by Bergmann et al.'? for Tq
Co?, On Co?" and On Co®" species, conducted using atomic positions calculated by density
functional theory, which were employed into ab initio crystal field multiplet calculations®. The
absorption spectra of the CoOx NPs under high vacuum conditions are a superposition of spectra
from Tq Co?* and On Co?* phases, as seen in comparison with the calculated spectra. One spectral
fingerprint for On Co?* is the extra intensity at 777.2 eV (marked with A in Figure 2), which reflects
the different occupation of the eq and t2g molecular orbitals (see Figure 1 (c)). Due to the constant
electron inelastic mean free path (IMFP, ~1.5 nm*°) and the approx. 7 nm size of our NPs, we
obtain mainly signals from the outer NP layers, suggesting the existence of an On Co?" and a Tq

Co?" mixed shell or an On Co?* core - Ta Co?* shell structure, as proposed by Papaefthimiou et al.*®
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Under NAP conditions at a 4-mbar water atmosphere (in blue), we obtain an increased intensity
for the 2p3p3p and the 2p3p3d PEY-XAS at 777.2 eV (marked with A in Figure 2) as well as in
the photon energy range between 779.6 eV and 784.0 eV (marked with B). The increase at around
780.0 eV photon energy is due to the enhancement of the On Co?* signal, similarly to the increase
at 777.2 eV. The extra intensity at energies beyond 782 eV is a fingerprint of On Co3*+ 1241-44

We cannot exclude completely the formation of spinel CozO4 or CoOOOH at NAP conditions as
suggested by the On Co®" signal, but we do not observe the expected associated decrease of the On
Co? signal at 777.2 eV in the PEY-XAS.!2 The obtained spectral features of adsorbed water in
Figure 2 (a) are less pronounced for the 2p3p3d PEY-XAS in Figure 2 (b), which is due to a higher
delocalization probability of the d-electrons. During the few femtoseconds Co 2p core lifetime, the
core-excited electron in the 3d valence band can delocalize with its surrounding, weakening the
Auger decay channels involving a 3d electron. Thus, the PEY-XAS investigations suggest a mixed-
shell or core-shell structure of the CoOx NPs at high vacuum pressure conditions and a water-
induced phase change of T4 Co?" to On Co?" and On Co®*.

Notably, the obtained extra intensities at near-ambient pressure go back to its initial state after
having reestablished the high vacuum conditions, which indicates a reversible behavior. Figure 2
(b) shows the 2p3p3d PEY XAS at high vacuum before (black), during (blue), and after (brown)
the investigations at NAP conditions. The 2p3p3d PEY-XA spectra under near-ambient conditions
and afterwards at high vacuum conditions were measured for these spectra at the same sample spot.

There are two different transformations known for T4 Co?* in contact with aqueous solutions: 1)
an irreversible transformation of ‘single-phased’ Tq Co?* towards 3D cross-linked Co?*3*Ox(OH)y
by OER conditioning*? and 2) a reversible transformation of the Ta Co?* in Cos04 towards CoOOH

under OER condition®®171920 As we investigated the CoOx at open-circuit conditions, both
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changes should not take place. But as Td¢ Co?" is thermodynamically not favored, an irreversible
phase change similar to the findings during OER conditions is expected. Our results now suggest
that the transformation of the Ta Co?* phase in the presence of water reflects a possible intermediate

state towards the further transformation during OER, occurring already at open-circuit conditions.
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Figure 2. PEY-XAS of (a) 2p3p3p and (b) 2p3p3d of CoOx NPs at high vacuum (black), at 4 mbar
H20 atmosphere (blue) and again at high vacuum after the 4 mbar H20 measurement (brown). (c)
Calculated XAS for Tq Co?*, On Co?" und On Co*'.'? Raw spectra were corrected with a linear

background and normalized to the maximum intensity at Eph = 778.1eV.
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Resonant Auger spectra under near-ambient pressure conditions. Figure 3 shows the
resonant Auger spectra at the cobalt Ls-edge under NAP conditions to reveal the subtle differences
in electronic-structure during the NP-water interaction. The excitation energies used are Eph = 772.0
eV (off-resonant, black curve) and Eph = 777.2 eV (on-resonant, blue), enhancing only On Co?
contributions of the NP in contact with liquid H20 (see Figure 2). In the resonant case, the spectator
Auger decay causes four spectral increases: (1) the Co 2p3p3p Auger decay at a binding energy
larger than 120 eV (electron kinetic energy Ekin < 653 eV), (2) the Co 2p3s3d Auger decay at a
binding energy larger than 100 eV ( Exin < 673 eV), (3) the Co 2p3p3d Auger decay at binding
energies larger than 60 eV ( Exin < 713 eV) and (4) the Co 2p3d3d Auger decay at binding energies
larger than 6 eV ( Exin < 769 eV). Considering the low surface coverage of the CoOx NPs (approx.
less than 1 %) the spectral increase using a resonant photon energy is significant and extends over
a wide binding energy range, because of the large number of possible final states. The 3d-electrons
of cobalt contain information of its valence electronic-structural environment, due to hybridization
with its surrounding (mainly the lattice oxide), which also leads to a higher delocalization
probability of the d-electron. Therefore, Auger decays involving d-electrons sense changes in the
electronic environment, but are also weakened, as the core-excited electron in the 3d valence band
can delocalize with its surrounding during the Co 2p core lifetime of a few femtoseconds.
Consequently, the Co 2p3d3d Auger decay in Figure 3 has the weakest intensity.

Besides the spectral increase of the spectator Auger decays, the participator Auger decay
enhances the Co 3p signal as seen in the blue spectrum of Figure 3, with its maximum at Eg = 63.2
eV. Similar enhancements of the 3s at around 100 eV*® are overlaid by the Si 2p and SiOx 2p
orbitals. We included the calculated off-resonant and resonant 3p spectra by Tanaka et al.*® for a
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cluster composed of On Co?* surrounded by six O% ions for comparison. They used a cluster model
with full multiplet splitting for their calculations that matches qualitatively our experimental data.*®
Although these modeled values do not include a liquid H20 surrounding, they still predict the
obtained data well, except for the spectator Auger spectral region around 70 eV.

As 99% of the sample surface consists of the SiOx/Si(111) substrate, the spectra in Figure 3
display strong SiOx features, namely the SiOx 2p (104.7 eV), the Si 2ps12 (99.4 eV) and the 2p12
(100.0 eV)). At NAP conditions the SiOx O 2s (27.5 eV) and SiOx/Si(111) valence band structure
are superimposed by H20 gas and liquid orbitals. Literature values for the H20 gas peak positions
are highlighted in Figure 3.4 A detailed analysis of the SiOx/Si(111) substrate using NAP-XPS can
be found in Figure SI-2. Due to the low surface coverage of the CoOx NPs, off-resonant O 1s and
O 2s spectra contain hardly any contributions from either CoOx NP lattice oxide or from adsorbed

H20 and possible terminated OH-groups on the NP surface.
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Figure 3. Co 2p—~>3d on-resonant (777.2 eV, blue curve) and off-resonant (772.0 eV, black curve)
photoelectron spectra of CoOx NP on a SiOx/Si(111) substrate, measured at ~2 mbar pressure. In
resonance, the Co 2p3p3p, Co 2p3s3d, Co 2p3p3d and Co 2p3d3d Auger decay are visible. Off-
and on-resonant spectra are dominated by SiOx and Si signals, and also contribution from gas and
liquid water are present in the valence band. The binding energies of the water molecular orbitals
are marked.*’ Inset: Zoom-in of Co 2p3p3d Auger decay signal together with calculated on-

resonant (yellow) and off-resonant spectra (purple) of On Co?*.48
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Resonant-PES at high vacuum vs near-ambient pressure (valence band). Additional studies
on the participator Auger decay, measured at defined photon energies, reveal the enhanced 3d
spectrum, from which we can derive the different Co-species present in the NP surface. Several
pairs of off-and on-resonant spectra were measured, changing to a new sample spot when
measuring a new pair at high vacuum and near-ambient pressure conditions. The difference ‘on-
resonant spectrum’ minus ‘off-resonant spectrum’ (grey) for several selected photon energies (“off-
resonant’: 772.0 eV and ‘on-resonant’: 777.2 eV, 778.5 eV and 779.8 eV; marked at the integrated
PEY-XAS spectra in the insets) are plotted in Figure 4A at high vacuum, and in Figure 4B at near-
ambient pressure conditions, as well as in Figure SI-3. Positive values in the difference spectra
reveal an enhanced Co 3d signal and 2p3d3d spectator Auger decay. As previously discussed, the
valence spectra measured at high vacuum conditions (Figure SI-4) are dominated by the
SiOx/Si(111) contributions. Using the PEY-XAS results, one expects the resonant enhancement at
high vacuum to be a superposition of T¢ Co?* 3d and On Co?* 3d signals. At the lowest resonant
photon energy, the calculated XAS predicts a strong On Co?* feature which absence indicates a
stronger Ta Co?* NP component and PES signal. Additionally, the difference spectra at high
vacuum conditions do not resemble the calculated On Co?* 3d resonant spectra as shown in Figure
4D, but can be emulated when we include calculated final states for T¢ Co?* (green).*®

The valence spectra measured at NAP conditions (Figure 4b) are dominated by H20 gas and
liquid contributions. For the difference at near-ambient pressure conditions we append the
calculated On Co?* 3d resonant spectra by Tanaka et al. (orange) and calculated final states for On
Co®* (purple) using ligand-field theory by Jugnet et al.*®“¢ The calculated spectra resemble our
data, especially for lower binding energies at a photon energy of 777.2 eV. At higher excitation

energies a signal contribution around 4.9 eV arises by the 2T final state of On Co®* (purple stick).
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The measured signal in Figure 4b at binding energies between 5-10 eV is lower than the calculated
spectra.*®

These findings confirm that: i) at high vacuum conditions the main NP component is T¢ Co?",
and ii) a phase transformation from the Tq Co?* NP phase to On Co?" and On Co®" occurs under

NAP conditions, as it is also revealed by the PEY-XA spectra (Figure 2).

X-ray radiation effects and sample contamination. Not yet mentioned is the influence of
radiation and contamination affecting the sample. Despite differently noted, we changed between
PEY-XAS and resonant XPS measurements regularly the spot to prevent long exposure radiation
damage effects. For the PEY-XAS measurements we also lowered the photon flux by one order of
magnitude compared to the resXPS measurements. Contamination of our samples by hydrocarbons
is inevitable due to an ex situ preparation. The existence of oxygen species beside SiOx is revealed
by the O 1s and C 1s XPS (Figure SlI-4). Since we use resonant photon energies, the Co 2p—>3d
PEY-XA spectra are dominated by cobalt signals. To ensure this for the resXPS, we performed off-
resonant PES before every on-resonant measurement. Positive values for the difference ‘on-
resonant spectrum’ minus ‘off-resonant’ spectrum refer solely to cobalt enhancements. Negative
values for the difference are not a result of the resonant PES itself, but of a continuous reduction
of the signal, most likely due to a continuously increasing surface contamination of carbon species,

COxHy.
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Figure 4. Differences of ‘on-resonant’ spectrum (777.2 eV, 778.5 eV and 779.8 eV) minus
‘off-resonant’ spectrum (772.0 eV) XPS taken at (A) high vacuum, and at (B) NAP conditions.
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Figure 3.
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CONCLUSION

We used NAP-XPS to identify the phase changes in size-selected CoOx NPs on a SiOx/Si(111)
substrate. Under high vacuum conditions these NPs consist of an On Co?* and a T¢ Co?" phase, with
a proposed Tq shell.!® In a water atmosphere (~4 mbar), the composition is altered to an On Co**
and an On Co?* phase. When reapplying high vacuum conditions, and after water evaporation, the
previous cobalt oxide composition is reestablished. We observe that water changes the shell of the
NPs, resulting in the reversible destabilization of the metastable Tq Co?* phase and in the formation
of On Co?* and oxidized On Co®". Since we operate our experiments without applied an oxidizing
bias, our measurements reveal an intermediate state. We cannot completely exclude a possible
formation of CoOOH, however, we do not observe the necessary accompanied decrease of the On
Co? signal in the PEY-XA spectra. Using resonant XPS we could also spectroscopically reveal the
cobalt oxide valence band of On Co?* + Tq Co?* at high vacuum and of On Co®*" + On Co?" at near-
ambient pressure.

The next logical step would be to carry out the resonant XPS experiments under operando
conditions. This requires a different approach, e.g. the use of special micro-electrochemical cells
with graphene-covered holey-membranes.>®%! The few monolayer of graphene act as the working
electrode and the carrier for the deposited CoOx nanoparticles. These experiments are currently
planned.

Overall, we showed that a water-induced phase transformation affects the CoOx NP catalyst
differently than voltage-induced changes in an aqueous electrolyte, which is relevant for our

understanding of the interaction of Co ions with water at the atomic level.
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METHODS

Sample preparation and characterization. The CoOx NP catalyst was prepared by the inverse
micelle encapsulation route as described elsewhere.>? In short, CoCl2 and poly(styrene-b-2-
vinypyridine) di-block copolymers were dissolved in toluene and the inverse micelles were dip-
coated on an oxide-terminated Si(111) wafer. Subsequently, an Oz plasma (20 W, 400 mTorr, 20
min) was applied to remove the polymer. Atomic force microscopy (Bruker MultiMode 8, tapping
mode) was used to determine the NP height (7.0 £ 2.0 nm) and the average nearest neighbor
distance (75 nm), see Figure 1 (b) and S1.

Photoemission measurements. The XPS measurements were carried out at the U49/2-PGM-1
beamline®® located at the synchrotron radiation facility BESSY Il in Berlin, Germany, using our
NAP Sol3PES experimental setup.>* The U49/2 beamline provides high-brilliant soft X-ray light
up to a photon energy of Eph = 1400 eV, enough to core-ionize water and also to excite Co 2p
electrons into the valence band. The SolSPES experimental setup is equipped with a Scienta
Omicron R4000 HIPP-2 hemispherical electron analyzer and is capable of detecting photoelectrons
from samples inside our vacuum chamber at elevated pressures of up to 20 mbar water vapor. Since
the detection screen and the multichannel plate of the electron-analyzer require high vacuum
conditions (< 10" mbar), there are three differential pumping sections, each consisting of a pinhole
and two turbo molecular pumps, to separate the detector unit from the experimental chamber. A
similar differential pumping scheme is used to deal with the pressure difference between the
experimental chamber and the ultra-high vacuum (<107 mbar) inside the beamline. The distance
between the electron analyzer entrance pinhole and the focal point of the soft X-ray beam is shorter

than 500 pum, minimizing electron scattering at the water vapor in the chamber that causes an
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attenuated electron signal. A detailed description of the SOL3PES setup and its characteristics can
be found elsewhere.>* During our measurements the angle between the polarization axis of the
incoming soft X-ray and the electron analyzer was 54,7° (magic-angle geometry) to avoid any
photoelectron angular distribution effects. The X-ray photoelectron spectra were energy calibrated
using the Si 2ps2 peak, with a 99.4 eV binding energy, and the spectra were normalized for
comparison to the background intensity near 35 eV binding energy.>

Resonant photoelectron spectroscopy. Our resonant photoelectron spectroscopy measurements
focus on three specific Auger decay channels, 2p3p3p, 2p3p3d & 2p3d3d, and presented in Figure
1 (c).

In general, the excitation of a core electron into an unoccupied state (step 1 — black arrow), leads
to a spectator Auger decay, where the hole is refilled by another energetically higher lying electron
(step 2 — brown arrow) and the excess energy is used to kick out an electron of the sample (step 3
— grey arrow).3*** A second resonant Auger channel is the participator Auger decay. Here, the first
step is an excitation of a core-level electron into the valence band (2p->3d) similar to the spectator
Auger decay. However, in the second step the excited electron itself refills the core hole and
transfers its energy to another bound electron. As a consequence, the emitted Auger electron (step
3) will have the same kinetic energy as a directly emitted photoelectron, leading to a constructive
interference of two identical final states enhancing the measured signals.3446

Partial electron yield x-ray absorption spectrum (PEY-XAS). Plotting the integral of a
specific Auger decay channel signal as a function of the photon energy generates the respective
(2p3p3p & 2p3p3d) partial electron yield x-ray absorption spectrum (PEY-XAS).3234% These

useful spectra exhibit signatures characteristic of the cobalt oxidation state and its coordination

structure 12,15,30,31,41-44,57
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Near-ambient pressure. To create a 4-mbar water vapor environment we connected a test tube
filled with Milli-Q water (degassed by two freeze-pump-thaw cycles) to the vacuum chamber. A
needle valve is used to set the required H20 gas flow into the chamber. To create a defined chamber
pressure, the pumping flow rate is controlled with a motorized gas regulating valve (Pfeiffer EVR
116), which is managed by a proportional-integral-derivative controller (Pfeiffer RVC300 pressure
gauge). Additionally, our sample holder consists of a brass block with pipes flushed with cold
liquid ethanol, temperature-controlled by a chiller (Julabo F12-ED). The relative humidity in our
chamber was calculated to be 70%, which translates into an adsorbed water layer thickness between

1.5 monolayer *° and 5 monolayers 58
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Schematic comparison of one CoOx NP on SiOx/Si(111) substrate without (left) and with adsorbed

H20 (right).
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