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Low-temperature synthesis in ionic liquids (ILs) offers an
efficient route for the preparation of metal oxide nanomaterials
with tailor-made properties in a water-free environment. In this
work, we investigated the role of 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [C,C,Pyr][NTf,] in the synthesis
of cobalt oxide nanoparticles from the molecular precursor
Co,(CO); with ozone. We performed a model study in ultra-
clean, ultrahigh vacuum (UHV) conditions by infrared reflection
absorption spectroscopy (IRAS) using Au(111) as a substrate.
Exposure of the pure precursor to ozone at low temperatures

1. Introduction

Cobalt oxide holds the potential to replace noble metals in
catalysis and energy technology. Potential fields of application
are for example heterogeneous catalysis,"™ energy storage,”™®
environmental catalysis,”® electrochemical water splitting®™"*
and electrocatalysis."" Two stable cobalt oxide structures are
known: Co;0, and CoO, exhibiting a spinel and a rock salt
crystal structure, respectively. The most interesting properties of
these oxides are the formation of hydroxyl species and the
possibility to change the oxidation state of the cobalt ions by
reduction or oxidation.”™ The latter two processes release
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results in the oxidation of the first layers, leading to the
formation of a disordered Co,O, passivation layer. Similar
protection to ozone is also achieved by deposition of an IL layer
onto a precursor film prior to ozone exposure. With increasing
temperature, the IL gets permeable for ozone and a cobalt
oxide film forms at the IL/precursor interface. We show that the
interaction with the IL mediates the oxidation and leads to a
more densely packed Co,O, film compared to a direct oxidation
of the precursor.

oxygen from the surface or consume oxygen, respectively. It is
important to note that the catalytic activity and properties are
critically defined by the termination of the crystalline facets,
which may expose Co®", Co*" or O*" ions. Therefore, it is of
particular interest to establish reliable synthesis routes with a
high level of structural control to produce task-specific cobalt
oxide nanomaterials. One promising route is the low-temper-
ature synthesis in ionic liquids (ILs). ILs serve as stabilizers or
structure-directing agents to control shape, size, and crystal
structure during the synthesis of metal(oxide) nanoparticles
(NPs). Moreover, the use of ILs as solvents during oxide
synthesis omits the formation of hydroxides and in conse-
quence high temperature calcination steps, which might induce
structural changes in the obtained material."®2% In addition, ILs
enable to study such syntheses under controlled ultra-high
vacuum (UHV) conditions, due to their negligible vapor
pressure.”” By variation of anion/cation combinations as well as
functionalization patterns, ILs offer a large variety of reaction
media. To fully exploit the unique chemical flexibility of ILs for a
knowledge-driven design of synthesis routes, a detailed under-
standing of the IL/reactant interactions at the molecular level is
crucial. Recently, we reported on an ozone-mediated route
towards Co;0, NPs on bench scale in a water-free IL environ-
ment at low temperatures.?? In particular, exposure of the
cobalt precursor Co,(CO); in [C,C,Pyr][OTf] to ozone leads to the
formation of Co;0, NPs with a narrow size distribution and an
average size of 4nm. The monocrystalline nature of the
nanoparticulate product was proven by X-ray diffraction (XRD)
and transmission electron microscopy (TEM). Additionally, we
monitored the synthesis in situ by infrared reflection absorption
spectroscopy (IRAS) in thin film configuration. It was shown that
the reaction proceeds via a fast loss of the CO ligands followed
by a slower formation of Co;0, without observation of
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intermediates or byproducts. In the present work, we scrutinize
the earliest stages of this process, i.e. the interaction between
the IL, Co,(CO)s, and ozone, to provide a molecular-level
understanding of the influence of the IL on the nanoparticle
formation. To this end, we prepared thin films of [C,C,Pyr][NTf,]
and Co,(CO)g in different deposition orders on Au(111) in UHV
environment and exposed them to thermal treatment and/or
ozone. All steps are monitored by surface IRAS. Our experiments
show that oxidizing and/or thermal treatment converts the
cobalt carbonyls to Co,0, and/or Co nanoclusters. An IL coating
protects the underlying precursor molecules against oxidation
with ozone at low temperatures. In general, interaction of the
precursor molecules with Au(111) is stronger compared to the
interaction with the IL.

Experimental Section

Experimental Setup and Time-Resolved IRAS Experiments

All IRAS measurements were performed in a UHV setup with a base
pressure of 1.5-10 " mbar. A detailed description can be found
elsewhere.”® IR spectra were acquired using a Fourier-transform
infrared (FTIR) spectrometer (Bruker Vertex 80v) with an external
Liquid-Nitrogen-cooled-Mercury-Cadmium-Telluride (LN-MCT) de-
tector. Both spectrometer and detector are connected to the UHV
chamber via differentially pumped Csl windows. During the thin
film preparation, spectra were continuously recorded with an
acquisition time of 60 s per spectrum and a spectral resolution of
4 cm™. All spectra were referred to a background spectrum (4 cm™,
20 min) recorded on the clean Au(111) surface prior to the
deposition.

Temperature-Programmed IRAS Experiments

For the TP-IRAS experiments, IR spectra were continuously recorded
(60's, 4cm™) while a heating rate of 2 K/min was applied to the
surface. The recorded data were analyzed using a procedure
proposed by Xu et al.*” This procedure corrects for signal intensity
losses due to the decreasing reflectivity of the surface with
increasing temperature. The recorded background spectrum of the
clean Au(111) surface was used as a reference for the corrected TP-
IRAS spectra.

Preparation of the Au(111) Single Crystal

The Au(111) single crystal (MaTeck GmbH, purity 99.999%) was
cleaned by Ar" sputtering (1.65 keV, 300 K, 60 min, 5-10°> mbar,
Linde 6.0). Subsequently, annealing in UHV at 923 K for 5 min forms
a well-ordered surface. This was proven by low energy electron
diffraction (LEED).

Deposition of Co,(CO),

The volatile precursor was stored in a glass vial connected to a fine
leak valve and a stainless-steel tube, separated from the UHV
chamber via a gate valve and pumped by a separate bypass-
system. Before each deposition, the tube was brought in close
proximity to the Au(111) surface to ensure a localized deposition.
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Physical Vapor Deposition of [C,C,Pyr][NTf,]

The IL was evaporated from a glass crucible using a home-built
thermal evaporator. This evaporator was separated from the UHV
chamber by a gate valve and was pumped by a separate bypass-
system. Before each deposition, the IL was pre-heated for 60 min at
443 K to get rid of possible contaminations. The thickness of the
prepared IL films ranges between 1-2 monolayers (ML) (experi-
ments at 225 K) and 4-6 ML (experiments at 110 K).

Ozone Dosage

Ozone was generated from O, (Linde, 5.0) using a commercially
available ozone generator (COM-AD-01, Anseros GmbH) in combi-
nation with a home-built gas dosing system. A detailed description
can be found elsewhere."® In brief, the design ensures expansion of
the gas into the UHV chamber with the sample in line-of-sight and
a short residence time in the gas lines. The ozone content in the
gas stream was adjusted for the individual exposures and measured
with an ozone gas analyzer (GM-OEM, Anseros GmbH). The
maximum ozone content in the feed (80-90 g/m’) was applied if
not stated otherwise.

2. Results and Discussion

2.1. Deposition of Co,(CO); and [C,C,Pyr][NTf,] Layered Films
on Au(111) at 110 K

In the following, we investigate the growth of Co,(CO); and
[C,C,Pyr][NTf,] layered films on a clean Au(111) surface. To that
aim, we applied different deposition orders of the IL and the
precursor and monitored the growth of multilayers at 110 K by
time-resolved IRAS. For a depiction of all recorded spectra
during the preparation of the two layered films, please refer to
Figure S1 of the Supporting Information.

First, we scrutinize the deposition of Co,(CO), followed by
[C,C,Pyr][NTf,] on Au(111). Selected spectra are shown in
Figure 1a (left panel), while the complete data set is shown in
the Supporting Information (Figure S1). At low coverage of the
precursor, a peak emerges at 2056 cm™' with a shoulder at
2044 cm™'. With increasing coverage, a new sharp signal
appears at 2093 cm™' together with a broad, less intense
shoulder at 2075 cm™'. Additionally, we observe a band at
2113 cm™'. A higher surface coverage leads to the formation of
a broad feature at ~1850 cm™". Eventually, this band transforms
into a broad peak at 1847 cm™ with a shoulder at 1812cm™,
while the other signals grow in intensity. Various studies on the
IR vibrations of Co,(CO); and its possible decomposition
products have been performed in the last decades. Noack and
Bor showed that the intact Co,(CO); precursor has at least two
isomers.”?") |somer 1 features two bridging CO ligands while
Isomer 2 exclusively contains terminal CO ligands. The fraction
of Isomer 2 in a hydrocarbon solution at room temperature was
estimated to be around 40%. A depiction of the different
isomers is included in Table 1. By studying matrix-isolated
Co,(CO)g, Sweany and Brown proved the existence of Isomer 3,
which also only contains terminal CO ligands.”™ Conversion of
Isomer 3 into Isomer 2 is facile, while the conversion of Isomer
1 into Isomer 2 has a higher activation barrier, but is still
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Figure 1. Film preparation at 110 K and thermal stability: A) Evaporation of Co,(CO); on Au(111) followed by PVD of [C,C,Pyr][NTf,] (left panel) and the

reversed deposition order (right panel); B) from left to right: temperature- programmed IRAS recorded on Co,(CO)g/Au(111), Co,(CO)y/[C,C,PyrlINTf,]/Au(111)
and [C,C,Pyr][NTf,]/Co,(CO)g/Au(111).

Table 1. Overview over the CO stretch vibrations of the different cobalt carbonyl complexes reported in literature. The band positions are given in cm™".
DFT® / Structure Alkane® 2% Solution®? Ar Matrix® ortho-dichlorbenze®”
2112 2035 2475 2024 2117
C0,(CO) 2071 2021 2326 1992 2076 1868 2070
Isozmer : 2044 1867 2105 1860 2050 1857 2040
2042 1857 2068 1825 2048 2022
2041
Co,(CO), gégg 2022 2074 2030
Isomer 2 2031 1991 2052 2026
20592627 2059 2032
ﬁ‘;ﬁ?); 199126271 2043 2002
2035 1996
Co,(CO);, 2037 2008 2104 2037 2110 1905 2057 1864
2035 1874 2063 1898 2058 1873 2011
2010 2054 1866 2030 1838
1996
Co(CO), 2075 1998 2011
2006
HCo(CO), 2082 2000 2119 1996
2032 2070 1957
2053 1934
2030
Co(CO), 2083 1994
Co(CO), 2052 1956
CoCO 1979
[a] Alkane is n-hexane for Co,(CO); and n-pentane for Co,(CO);,.
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occurring at room temperature. It is important to note that
Co,(CO)g is thermodynamically unstable in the absence of CO,
however, the conversion to the stable decomposition product
Co,(CO),, is kinetically hindered below room temperature.**”
At room temperature, the thermal conversion into Co,(CO);,
has a half-life period of approximately 9 hours in solution and,
thus, some Co,(CO),, may be already present in the crucible
prior to evaporation.®" Furthermore, homo- and heterolytic
splitting of the Co—Co bond as well as release of CO ligands can
occur on the gold surface, leading to possible Co(CO), (n=1-4)
radicals or anions, respectively.”>*?%32-3% Additionally, the loss
of all carbonyl ligands can lead to the formation of metallic
cobalt.

In accordance with these findings we tentatively assign the
bands at 2056 cm™ and 2044 cm™ to stretching vibrations of
terminal CO ligands of Isomer 3. However, the presence of
Isomer 1 or Co,(CO),, at low coverages cannot be ruled out
solely based on the absence of vibrations of bridging CO
ligands. Due to the metal surface selection rule (MSSR),
vibrations with a dynamic dipole moment oriented parallel to
the surface cannot be probed by IRAS.® [f all Co,(CO),,
molecules adopt an adsorption geometry, in which the dipole
moment of the stretching vibrations of bridging CO ligands is
oriented parallel to the surface, one would only observe the
stretching vibrations of the terminal CO ligands. Based on the
absence of vibrations below 2000 cm™, we suggest that no
mononuclear cobalt carbonyl fragments are formed. Signals at
2075 cm™', 2093 cm ™" and 2113 cm™', which emerge at increas-
ing coverages, are assigned to terminal CO ligands of Isomer 2.
The peak at 1850 cm™, emerging at higher surface coverages, is
characteristic for a stretching vibration of a bridging CO ligand,
which is only present in Co,(CO);, or Isomer 1. Overall,
evaluation of the spectra indicates the presence of Co,(CO); and
possibly Co,(CO),, on the surface, which proves the deposition
of these cobalt carbonyls on Au(111) at 110 K.

Subsequently, a multilayer of [C,C,Pyr][NTf,] was evaporated
on top of the as-deposited precursor film. PVD of [NTf,] -based
ILs has been thoroughly studied by our group, including
coverage- and temperature-induced changes in the
spectra.®**? Briefly, the organic cations give rise to weak
features above 1400 cm™, whereas the [NTf,]” anions lead to
strong, characteristic IR bands in the region from 1000 to
1400 cm™ (for assignment see Table 2). In particular, evaluation
of the intensity distribution of v(SO,),, V(CF;),,+Vv(SO,), and
V(SNS),, vibrations of [NTf,]~ allows to deduce the orientation
and conformation of the anions on a surface.?**?

Table 2. Assignment of the observed vibrations in the region.
Wavenumber [cm™'] Assignment!?
1470-1480 O(CH,)

1342-1360 V(SO,),s

1225-1230 v(SO,), + V(CF;),
1214-1215 V(SNS),, +V(CS) 4+ V(CF3),
1138-1145 V(CF3),s + V(SO,),
1061-1067 V(SNS),,
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In the present case, the band at 1145cm™' (V(CF,), +
v(SO,),) is more pronounced as compared to the band at
1347 cm™ (v(S0O,),,) at low coverages. By considering the MSSR,
we propose that the anions adopt a rather parallel orientation
at the IL/precursor interface. Increasing the IL coverage leads to
an intensity distribution characteristic for an unordered
multilayer.*? During deposition of the IL layer, the overall
intensity of the precursor signals decreases. This effect is
attributed to the desorption of weakly bound precursor
molecules upon IL adsorption, which indicates a weak precur-
sor/metal interaction at this temperature.

In a corresponding experiment, multilayers of [C,C,Pyr]
[NTf,] and Co,(CO); were deposited on clean Au(111), which
results in a reversed deposition order (Figure 1a right panel).
Again, the signal at 1350 cm™ (v(SO,),,) is more intense than the
features at 1139cm” (v(CF;),,+Vv(SO,)) and at 1061 cm’
(V(SNS),,). This indicates a parallel adsorption geometry of the
anions with the two SO, groups binding to the gold surface. At
higher coverages, the intensity distribution of the signals is
characteristic for a randomly orientated multilayer, as observed
in the literature.*? Subsequently, a multilayer of Co,(CO); was
evaporated on top of the IL. Uptake of the precursor leads to a
decrease of the intensity of all IL signals, indicating desorption
of weakly bound IL molecules. At low precursor coverage, new
signals evolve at 1850 cm™, 2051 cm™ and 2078 cm™. Increase
of the precursor coverage leads to an overall gain in signal
intensity and the formation of a new peak at 2116 cm™. At
higher coverages, the peak at 2078 cm™ shifts to 2089 cm”,
while the shift for the other peaks is negligible. The occurrence
of peaks at 1850 cm™, 2051 cm™ and 2078 cm™ at the onset of
the deposition suggests the presence of Isomer 1 or Co,(CO);,
directly after the start of the deposition. This is in contrast to
the deposition of Co,(CO); onto pristine Au(111), where peaks
originating from bridging CO ligands are observed at high
precursor coverages only. There are two possible explanations
for this effect. Either contact to the Au(111) surface facilitates
the conversion of Isomer 1 and Co,(CO),, to cobalt carbonyls
with exclusively terminal CO ligands (Isomer 2 and Isomer 3 or
fragments), or the adsorption geometry of precursor molecules
is different on Au(111) as compared to [C,C,Pyr][NTf,]/Au(111).
In the latter scenario, the precursor molecules would adopt a
rather random orientation on the IL. Even though the peak
positions of the precursor bands match almost the ones
observed for the [C,C,Pyr][NTf,]/Co,(CO)s/Au(111) film, the
relative contribution of the signals differs strongly. This
indicates that the deposited precursor layers are composed of
different molecular species on Au(111) and [C,C,Pyr][NTf,]. We
suggest that Au(111) promotes the conversion of bridged
carbonyl complexes to isomers with exclusively terminal-bound
ligands. The fact that no interconversion is observed in case of
precursor molecules deposited on [C,C,Pyr][NTf,] indicates that
the IL/precursor interaction is weaker compared to the metal/
precursor interaction.

144 © 2020 The Authors. Published by Wiley-VCH GmbH
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2.2. Thermal Stability of Co,(CO); and [C,C,Pyr][NTf,] Layered
Films on Au(111)

In this section, the thermal behavior of the prepared films is
studied by temperature-programmed (TP-)IRAS. Please note
that according to the results presented above, the layered films
consist of mostly intact cobalt carbonyl (Isomers 1-3 and
possibly Co,(CO);,) and IL multilayers. For comparison, we
additionally investigate the behavior of a pure precursor multi-
layer on Au(111). In every experiment, the sample temperature
was increased from 110 K to 350 K with a heating rate of 2 K/
min while continuously recording IR spectra. The corresponding
data for the samples is shown in Figure 1b. Note that the IL film
is stable in this temperature range. Schuschke et al. showed,
that the IL multilayer remains on the surface up to 380 K while
multilayer desorption occurs between 380 and 400 K. There-
fore, only the precursor bands will be discussed in the
following. At first, the results of the Co,(CO)s/Au(111) film are
discussed. The color-coded intensity plot is shown in Figure 1b
(left panel). It is divided into two parts with different intensity
scales to be able to visualize also small changes in intensity,
which occur at elevated temperatures. All peaks are stable up
to approximately 160 K, where the most sudden variations are
found. The v(CO) modes of bridging and terminal CO ligands at
around 1840 cm™, 2060 cm™, and 2093 cm™ decrease in inten-
sity. Additionally, the peak at 2093 cm™ shifts to 2099 cm™. The
vibrational band at 2116 cm™ partially overlaps with this shifting
band. Between 210 K and 228 K, we observe a strong decrease
in intensity of all vibrational bands. We attribute this effect to
the desorption of the weakly bound multilayer of precursor
molecules. Heating to 220 K leads to a steady decrease of the
feature at 2099 cm™ while the other bands remain unaffected.
Due to the generally large width of the peaks it is not possible
to draw conclusions on the behavior of the different isomers
(Co,(CO)g and Co,(CO),,). However, our observation shows that
thermally-induced changes in the structure of the layer occur
already below multilayer desorption. After desorption of the
physisorbed precursor multilayer, only the more strongly bound
species in the monolayer region remain on the surface. There-
fore, only weak bands at 2087 cm”, 2037 cm™', 2005 cm™,
1871 cm™, 1853 cm™, and 1835 cm™ are observed. At 254 K, the
peak at 2087 cm™ and the remaining signals of bridged CO
ligands at 1800-1900 cm™ disappear. The band at 2037 cm™
shifts to 2055 cm™. Upon further heating, the signal at
2055 cm™' shifts to lower wavenumbers again and new signals
emerge in the region characteristic for bridge-bonded CO at
1772 cm™ and 1850 cm™. Above 290K, only a single band at
2014 cm™ is present in the spectra. This feature decreases in
intensity without shifting and eventually disappears at 334 K.
The intensity variations of bands related to the bridging and
terminal CO ligands indicate a dynamic conversion of bridged
into non-bridged cobalt carbonyls. Above 254 K, only Isomer 2
and Isomer 3 of Co,(CO)s remain on the surface. However, the
reappearance of vibrations at 1850 cm™ at 280K can be
explained by the transformation of both species back to Isomer
1 or their thermal decomposition to Co,(CO),,. A signal at such
low wavenumbers as 1772 cm” was not observed before for

ChemistryOpen 2021, 10, 141-152 www.chemistryopen.org

these compounds. It is noteworthy that the bands assigned to
the intact precursor molecules in the monolayer are stable up
to approximately 290 K on Au(111). The feature at 2014 cm™,
which is formed above 290 K, is characteristic for CO adsorbed
on metallic cobalt.*¥ However, no coverage-dependent shift is
observed. Thus, we suggest that very small cobalt nanoclusters
are formed on Au(111) via thermal decomposition of the
precursor molecules.

Next, we analyze the thermal behavior of the Co,(CO)y/
[C,C,Pyr]INTf,)/Au(111) sample, i.e. deposition of the precursor
on top of a pre-adsorbed IL layer. The corresponding color-
coded intensity plot is shown in Figure 1b (central panel). All
vibrational bands are stable up to 126 K. The features at
1850 cm™ and 2054 cm™ decrease in intensity upon heating to
170 K, while the signals at 2087 cm” and 2116 cm™ gain in
intensity. As for the Co,(CO)s/Au(111) film, the peak at
2087 cm™' shifts to higher wavenumbers, leading to an overlap
of the signals at 2097 cm™ and 2116 cm™. Further heating leads
to a strong overall decrease in peak intensity, which is
attributed to the desorption of the precursor multilayer. Above
214 K, no further CO stretching vibrations are observed. Again,
we attribute the simultaneous decrease of signals assigned to
bridging CO ligands (<1900 cm™) and increase of bands
characteristic for terminal CO ligands (>2000cm™) to the
conversion of bridged into non-bridged cobalt complexes. The
fact that the desorption of the precursor occurs molecularly, i.e.
without the formation of metallic cobalt and at significantly
lower temperatures compared to Co,(CO)g/Au(111), strengthens
our hypothesis that the IL/precursor interaction is weak
compared to the metal/precursor interaction. However, the
changes in the multilayer are highly pronounced in both
samples.

Finally, the thermal behavior of [C,C,Pyrl[NTf,]/Co,(CO)y/
Au(111) is discussed, i.e. deposition of the IL on top of a pre-
adsorbed precursor layer. The corresponding data is shown in
Figure 1b (right panel). All signals remain unchanged up to
152 K. Above this temperature, the bands at 1845 cm™ and
2056 cm™ continuously decrease in intensity. In contrast to the
corresponding experiment with the reversed ordering, the
bands at 2092 cm™ and 2116 cm™ show negligible intensity
changes and peak shifts upon heating. At 214 K, the precursor
bands strongly decrease in intensity and only a newly formed
peak at 2015 cm™ is visible in the spectra. This peak gains in
intensity and shifts to higher wavenumbers, reaching 2022 cm’
at 218 K. Further heating leads to a slow decrease of the peak
intensity and a shift of the peak position to 1999 cm™ at 298 K.
Above 300 K, no bands are visible in the CO region of the IR
spectra. The band at 2015cm™ is again assigned to CO
adsorbed on metallic cobalt. We propose the formation of
cobalt nanoclusters from the cobalt precursor after desorption
of the weakly bound multilayer, due to the comparatively
strong metal/precursor interaction on Au(111).*¥ No intercon-
version of bridged to non-bridged isomers is observed. We
suggest that the IL cover layer further enhances the metal/
precursor interaction as compared to the IL-free film. This leads
to a larger amount of cobalt adatoms on the gold surface,
which eventually agglomerate to small cobalt nanoclusters. This
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hypothesis is strengthened by the observation that intact cobalt
precursor species are present on Au(111) at temperatures up to
300 K, whereas in the case of the IL-covered sample exclusively
CO bound to metallic cobalt is observed above 220 K. Note that
these nanoclusters are bigger in comparison to the ones formed
on the Co,(CO)s/Au(111) film without IL.

2.3. Exposure of Co,(CO),; and [C,C,Pyr][NTf,] Layered Films to
Oxygen and Ozone at 110 K

In the following, we study the stability of the layered films
against oxygen and ozone. Therefore, two freshly prepared
films (for preparation see Section 2.1) were exposed to a
constant background pressure (2.5-10° mbar) of oxygen and,
subsequently, to ozone in oxygen at 110 K. In Figure 2a, the last
spectrum recorded under each gas atmosphere is shown for
Co,(CO)y/[C,C,Pyr][NTS,)/Au(111) (left panel) and [C,C,Pyr][NTf,])/
Co,(CO)g/Au(111) (right panel). Additionally, the integrated peak
areas of selected bands in the characteristic region for bridged
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(<1900 cm™) and terminal CO ligands (>2000 cm™) are shown
as a function of time and gas composition. Additionally, all
measured spectra are depicted in Figure S2 of the Supporting
Information.

First, the stability against oxidation of the precursor-
terminated layered film is scrutinized. Oxygen backpressure
induces only small changes of the precursor bands. Exposure to
ozone, however, leads to a strong decrease of the peak
intensities. This decrease levels off over time and precursor
bands are still observable after 19 min exposure to ozone. We
attribute the small changes in oxygen atmosphere to desorp-
tion of weakly bound precursor molecules and the intensity
losses in the presence of ozone to oxidation of precursor
molecules to cobalt oxide. Apparently, ozone as a strong
oxidizing agent is necessary to oxidize the precursor molecules
at 110 K. This observation is in accordance with experiments
reported in the literature, where it was shown that the parent
carbonyl compounds Co,(CO); and Co,(CO),, are stable against
oxygen, while their decomposition products are very sensitive
towards oxygen.” We propose that the first few layers of the
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Figure 2. Stability against oxidation: A) Selected IR spectra after the exposure to oxygen and ozone of the two different films. Additionally, the integrated
peak areas of selected CO vibration are shown as a function of time and gas composition; B) from left to right: temperature-programmed IRAS recorded on
C0,(CO)s/Au(111), Co,(CO)s/[C,C;Pyr][NTF,1/Au(111) and [C,C,Pyr][NTf,]/Co,(CO)s/Au(111) films under a constant background pressure of ozone.
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precursor are oxidized to a disordered Co,0, film. Ozone cannot
further penetrate through this passivation layer and, thus, the
underlying precursor molecules are protected against oxidation.
No changes of the bands in the IL region are observed during
this experiment.

Exposure of the IL-terminated film to oxygen leads only to a
small desorption of IL while there is no influence of oxygen on
the precursor bands. Even after 19 min of exposure to ozone in
oxygen, we do not observe any changes in the precursor bands.
This shows that ozone cannot penetrate the frozen IL layer,
which protects the underlying precursor molecules against
oxidation.

2.4. Thermal Stability of Co,(CO); and [C,C,Pyr][NTf,] Layered
Films Under Ozone

In the next step, we test the stability of the samples against
oxidation by ozone at elevated temperatures in a TP-IRAS
experiment. For comparison, we performed a similar experi-
ment for a Co,(CO)g/Au(111) film. Each sample is exposed to
ozone in oxygen at a background pressure of ~4.0-10® mbar
while the surface temperature is increased by 2 K/min. In
Figure 2b, the results for the different films are shown. While a
constant temperature ramp was applied for the Co,(CO)/
Au(111) film (Figure 2b, left panel), the procedure is slightly
modified in case of the layered samples (Figure 2b, central and
right panel). The heating ramp was interrupted at 160 K, 210 K,
and 260 K, where the respective temperature was kept constant
for 600 s.

The IL bands are hardly affected by oxygen and/or ozone
dosing at elevated temperatures, thus only bands related to the
cobalt precursor will be discussed. At first, we focus on the
Co,(CO)s/Au(111) film. No changes are observed upon heating
to 150 K. Above 150K, the broad feature in the bridging-CO
region and the feature at 2054 cm™ decrease in intensity and
the peak shape becomes smaller and more defined. Simulta-
neously, the signal at 2083 cm™ shifts to higher wavenumbers
and increases in intensity by 60% at 160 K. Furthermore, the
intensity of the signal at 2116 cm™ increases in this temperature
range. Further heating results in intensity losses of all features
and above 268 K no molecular CO vibrations are observed. With
respect to the TP-IRAS experiment in vacuo, spectral changes
start to occur in a similar temperature range. The most striking
difference is the intermediate gain in intensity of the features at
2083 cm™ and 2116 cm™'7in the presence of ozone. We attribute
this to a conversion of bridged complexes (Isomer 1 and
Co,(CO),,) into non-bridged precursor molecules (Isomer 2 and
3). A dynamic interconversion between Co,(CO); isomers and
Co,(CO),, was also observed by heating the sample in UHV, but
only at significantly higher temperatures in the monolayer
regime. Thus, our results suggest that interconversion in the
multilayer is ozone-induced and that the conversion into non-
bridged isomers is the first step towards the oxidation of the
precursor to Co,0,. For the corresponding experiment under
UHV a multilayer desorption temperature of around 225 K was
observed, whereas the multilayer is present above this temper-
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ature under ozone. This is explained by a stabilization of the
multilayer by the covering oxide layer. Furthermore, vibrations
of intact precursor molecules were observed even above 300 K
in UHV, whereas in the presence of ozone no CO bands are
observed above 268 K. In consequence, we propose that the
initially formed passivation layer gets permeable for ozone at
elevated temperatures, leading to a successive oxidation of the
underlying precursor multilayer.

Next, the thermal behavior of the Co,(CO)y/[C,C,Pyr][NTf,l/
Au(111) film under ozone backpressure (Figure 2b, central
panel) is discussed. All peaks are stable up to 150 K. Further
heating leads to a loss of intensity of the broad feature at
1800-1880 cm™ together with the features at 2116 cm” and
2054 cm™. Simultaneously, the peak at 2088 cm™ shifts to
higher wavenumbers and gains in intensity at 152-160 K.
Further heating leads to a constant loss of intensity. During the
intermediate period of constant temperature at 210K, an
additional peak emerges at 2026 cm™. Above 220K, this is the
only signal remaining. A peak shift to 2007 cm™ is observed
with further increasing temperature and a decrease in intensity
until the feature is completely lost at 284 K. The intermediate
increase of the signal at 2088 cm™ is again attributed to an
ozone-induced transformation of bridged to non-bridged cobalt
complexes. The emerging peak at 2026 cm™ is assigned to CO
adsorbates on cobalt nanoclusters. As discussed above, the
formation of such cobalt aggregates is also observed during the
TP-IRAS experiment of [C,C,Pyr][NTf,]/Co,(CO)s/Au(111) under
UHV. However, it did not occur in case of the precursor-
terminated film under UHV, where heating led to molecular
desorption of the weakly bound precursor molecules. Thus, the
formation of cobalt nanoclusters on Au(111) must be related to
ozone-induced changes of the layered film. In accordance with
our previous findings, we propose the following: the reaction of
the precursor with ozone leads to a continuous growth of a
cobalt oxide passivation layer, which stabilizes the underlying
precursor layers. At elevated temperature, metallic cobalt is
formed upon thermal decomposition of the precursor and
deposited on Au(111), due to increased mobility in the under-
lying IL layer. At this moment, it is not clear whether the
abstraction of CO ligands occurs before or after contact of the
cobalt species (molecular precursor or metallic cobalt, respec-
tively) with the Au(111) surface. We will come back to this
question below (see Section 2.5).

Finally, we discuss the thermal behavior of [C,C,Pyr][NTf,]/
Co,(CO)s/Au(111) under ozone. All peaks are stable up to 138 K.
Increasing the temperature to 150 K leads to a decrease in
intensity of the features at 1843 cm™ and 2052 cm™ while both
peaks at 2115 cm™ and 2093 cm™ gain intensity. Between 152 K
and 190K only small intensity losses for the features at
2093 cm™"and 2115 cm™ are observed while the features in the
bridged-CO region and at 2052 cm™ lose in intensity. At 192K, a
new peak emerges at 2018 cm™ and shifts to 2026 cm™ with
increasing temperature. Above 210K, it is the only remaining
band in the spectra. Upon further heating, the peak at

2026 cm™' shifts to lower wavenumbers until it reaches
2003 cm™ at 278 K and vanishes.
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Two observations are of particular interest with respect to
the temperature-dependent behavior of the sample in UHV and
the results obtained from the layer film with the reverse order
(Co,(CO)g/[C,C,Pyr]l[NTf,]/Au(111)) under ozone. First, the struc-
tural changes start at lower temperatures in the present
experiment (138 K compared to 150 K). Secondly, no intensity
loss of the bands at 2093 cm™ and 2115 cm™ between 150 and
190 K is observed. We propose that at 138 K the IL layer gets
permeable for ozone. This induces interconversion of bridged
to non-bridged isomers and oxidation of the underlying
precursor molecules, which results in a Co,0, passivation layer
at the IL/precursor interface. As further oxidation of the
underlying precursor molecules only occurs above 190 K, we
presume that the oxide film at the IL/precursor interface is
more densely packed as compared to the passivation layer on a
precursor-terminated film. The feature at 2026 cm”, which
occurs above 192K, is attributed to CO adsorbates on cobalt
nanoclusters that are formed at the metal/precursor interface.
Thus, heating under oxidizing conditions leads to the formation
of cobalt oxide and metallic cobalt independent from the
deposition order of the layered films at 110 K.

2.5. Deposition of Co,(CO),; and [C,C,Pyr][NTf,] on Au(111) at
225 K

Next, we performed the isothermal uptake experiment of
Co,(CO); and [C,C,Pyr][NTf,] at 225 K. This temperature was
identified as the most interesting one in the TP-IRAS experi-
ments starting at 110 K. It is close to the desorption temper-
ature of the precursor multilayer, where previously also the
formation of metallic cobalt was observed. Waterfall plots of all
measured spectra during the preparation of the two layered
films are shown in the Figure S3 of the Supporting Information.

First, we discuss the results obtained from the IL-covered
precursor film. In Figure 3a (left panel), selected IR spectra of
the evaporation of Co,(CO); on clean Au(111) are shown
followed by deposition of an IL layer. At the early stages of the
precursor deposition, a peak emerges at 2036 cm™ and shifts to
2073 cm™ over time. As soon as the peak intensity saturates,
two new features appear, i.e. a shoulder at 2087 cm™ and
another one at 2106 cm™. Both bands grow in intensity and an
additional broad feature at 1871 cm™ emerges. While the other
peaks grow in intensity with increasing coverages, the intensity
of the band at 2073 cm™ stays constant, but a small shoulder
occurs at 2031 cm™.

We assign the peak at 2036 cm™ to stretching vibrations of
CO adsorbates on cobalt nanoclusters. This is in good agree-
ment with the previous temperature-dependent experiments,
where we observed the formation of metallic cobalt at the
metal/precursor interface above 200 K. The gradual shift of the
band to higher wavenumbers results from an increasing CO
surface coverage on these nanoclusters. The vibrational bands
at 2087 cm™ and 2106 cm™ are assigned to terminal CO ligands
of intact cobalt precursor molecules. As we do not observe
signals of bridge-bonded CO at these low coverages, we
attribute these bands to Isomer 2 or 3. This is in accordance
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with the observations at 110K, where only non-bridged
complexes are present on Au(111) at low precursor coverage.
This strengthens our assumption, that Au(111) facilitates the
transformation of bridged to non-bridged precursor molecules.
An additional feature at 1871 cm”, which is assigned to
bridging CO ligands of Isomer 1 or Co,(CO),,, is only visible at
high coverages. We conclude that deposition of Co,(CO); at
225 K leads to the formation of cobalt nanoclusters embedded
in a multilayer of Co,(CO); and Co,(CO),, on Au(111). Sub-
sequently, the IL was deposited onto the precursor. At first,
changes in the spectra occurring in the IL region (900-
1500 cm ') are discussed. During the deposition of the IL, peaks
emerge simultaneously at 1067 cm™, 1139cm™”, 1214cm’,
1225 cm™, 1356 cm™, and 1480 cm™ and grow linearly in
intensity with increasing coverage. Since all bands start to grow
simultaneously and show a linear growth behavior, the
orientation of the molecules is independent on the IL coverage.
However, the peak ratios differ from the ones obtained during
deposition at 110 K (Figure 1a), where an unordered IL layer is
formed on top of the precursor molecules. In the present
experiment, bands with a contribution of the SO, stretch
vibration (1139 cm™, 1225 cm™, and 1356 cm™) are less intense
as compared to the bulk spectrum. We propose, therefore, that
in the present experiment [NTf,]” anions in the multilayer are
preferentially oriented with the two oxygen atoms of each SO,
group pointing towards the IL/precursor interface. The adsorp-
tion of the IL also induces changes of the carbonyl peaks.
Except for the band at 2073 cm™, all bands lose 50 to 70% of
their initial intensity. This is rationalized by the fact that the
temperature of 225 K is close to the desorption temperatures of
the precursor multilayer. Upon deposition of the IL, a large part
of the precursor multilayer desorbs from the surface. The
deposition of [C,C,Pyr][NTf,] has no influence on the CO
adsorbates on cobalt nanoclusters.

Next, we discuss the results for the reversed deposition
order. The obtained IR spectra are shown in Figure 3a (right
panel). At low coverage of the IL on Au(111), the v(SNS),, mode
at 1067 cm™ and the coupled v(CFs),,+Vv(SO,); mode at
1138 cm™ are more intense as compared to the intensity
distribution in a spectrum obtained from an unordered multi-
layer, while the v(SO,),; mode at 1342 cm™ is less pronounced.
This suggests a preferred orientation of the molecules with
both oxygen atoms of each SO, group binding to the surface.
Upon further increase of the coverage beyond the monolayer
regime, the spectra become more characteristic for a random
oriented multilayer.”? This is in accordance to the observations
of the experiments at 110 K, where the IL anions also adopt a
random orientation distribution in the multilayer. However, the
relative intensity ratios do not fit perfectly to the one for a
random multilayer, which is due to the low total amount of IL
deposited in this experiment. Subsequently, a precursor layer
was deposited on top of the IL film. After long deposition of
Co,(CO); (61 min), a peak emerges at 2016 cm™. Upon further
deposition, this peak shifts to 2035 cm™ and gains in intensity.
The feature was previously assigned to CO adsorbates on cobalt
nanoclusters on Au(111). Either the precursor decomposes to
metallic cobalt upon impingement on the IL-covered surface, or
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Figure 3. Experiments at 225 K: A) preparation of the two different layered films [C,C,Pyr][NTf,]/Co,(CO)s/Au(111) (left panel) and Co,(CO)g/[C,C,Pyr]INTf,]/

Au(111) (right panel); B) exposure of the as prepared films to oxygen and increasing concentrations of ozone; C) temperature-programmed IRAS recorded on
[C,4C,Pyr][NTf,]/Co,(CO)g/Au(111) (left panel) and Co,(CO),/[C,C,Pyrl[NTf,]/Au(111) (right panel) under a constant background pressure of ozone.

it first diffuses through the IL layer towards the Au(111) surface,
where it decomposes. There are no vibrations of molecular
precursor complexes at 225 K, which is in line with the results
from the TP-IRAS experiments under UHV (Figure 1b) and ozone
(Figure 2b). Therefore, we propose that metallic cobalt and CO
are formed on the IL film by decomposition of impinging
precursor molecules. Both diffuse through the IL layer, forming
CO covered cobalt nanoclusters on the gold surface. However,
due to the diffusion and agglomeration process, the formation
of the cobalt nanoclusters is slower as compared to direct
deposition of the precursor onto Au(111). Interestingly, the
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decomposition of precursor molecules and the formation of
cobalt nanoclusters affect the orientation of the IL molecules.
All bands grow in intensity except the one at 1142 cm™, which
decreases. In the last spectrum, the shape and intensity
distribution of the IL bands points towards the presence of
randomly oriented anions.”? This indicates a reorientation of
the molecules in the monolayer, induced by the formation of
the cobalt nanoclusters on Au(111).
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2.6. Exposure to Oxygen and Ozone

Subsequently, the two films were exposed to oxygen and ozone
in oxygen at a constant background pressure of 2.3-107° mbar.
The respective spectra are depicted in Figure 3b. Additional
plots are shown in the Supporting Information Figures S4 and
S5. At first, we discuss the results for the [C,C,Pyr][NTf,)/
Co,(CO)g/Au(111). After recording a spectrum in UHV, the film
was exposed to oxygen and increasing concentrations of ozone
in oxygen. The bands assigned to CO ligands of the precursor
molecules at 1871 cm™, 2087 cm™, and 2106 cm™ decrease in
intensity during the experiment. The most significant changes
occur at an ozone concentration of 83 g/m? in the feed gas. As
bands are still visible at 1862 cm™, 2060 cm™ and 2080 cm™, not
all precursor molecules are decomposed/oxidized. The signal at
2073 cm”, assigned to CO on cobalt nanoclusters, shows only
minor changes under oxygen and ozone concentrations in the
feed gas below 80 g/m®. At higher ozone concentrations, the
peak shifts to 2016 cm™ and decreases in intensity before it
vanishes. At this temperature, the IL film is permeable for
oxygen and ozone. In consequence, the top layer of the
underlying precursor molecules is oxidized to Co,0, and a
passivation layer is formed at the IL/precursor interface,
indicated by the decrease of all precursor signals. Additionally,
the disappearance of the peak at 2016 cm™ indicates the loss of
CO adsorbates from the nanoclusters. There are two possible
explanations for this process. It can result from oxidation of CO
to CO, by ozone (induced by ozone co-adsorption on Co) or the
oxidation of the Co nanoclusters to Co,0,. We believe that the
co-adsorption of ozone and the subsequent oxidation of the
cobalt nanoclusters to Co,O, is more likely than the low
temperature oxidation of carbon monoxide. The bands of the IL
also show changes in intensity (see Figure S5 left panel in
Supporting Information). In particular, the signals at 1139 cm™,
1225 cm™, and 1356 cm™ increase in intensity while the other
bands decrease. We interpret these changes as a reorientation
of the IL molecules to a more random orientation, due to the
changes of the underlying precursor layer.*?

Next, we analyze the results obtained for the layered film
with the reversed deposition order Co,(CO)g/[C,C,Pyr]l[NTf,]/
Au(111). The peak at 2035 cm” shows only minor changes
under oxygen and ozone concentrations below 28 g/m?® in the
feed gas. Above this concentration, the peak shifts to 2027 cm™
and undergoes a loss in intensity, independent on a further
increase of the ozone concentration. Compatible to the last
experiment with the IL-terminated film, ozone exposure leads
to the oxidation of the CO adsorbates or Co nanoclusters. In
contrast to the exposure of the [C,C,Pyr][NTf,]/Co,(CO)s/Au(111)
sample to ozone, this feature does not completely disappear.
This can be rationalized by the higher number of IL molecules
per nanocluster in the present experiment. Either the larger
amount of IL molecules inhibits co-adsorption of O; and
therefore the oxidation of the nanoclusters or it stabilizes the
CO adsorbates against oxidation. Only minor changes of the IL
bands are observed due to desorption.

ChemistryOpen 2021, 10, 141-152 www.chemistryopen.org

2.7. Subsequent Heating Under Ozone

Following the experiments presented in the last section, we
continued to study the behavior of the resulting systems in a
temperature-programmed experiment under ozone. To this
aim, the background pressure of ozone was kept constant and
the temperature was increased to 300 K with a heating rate of
2 K/min. The results are shown in Figure 3c. First, the color-
coded intensity plot obtained for the film [C,C,Pyr][NTf,])/
Co,(CO)g/Au(111) will be discussed, see Figure 3c (left panel). In
accordance with our findings from Section 2.6, we assume that
the majority of the precursor is oxidized to Co,0, at the onset
of the present experiment. With increasing temperature, the
remaining peaks at 1862 cm”, 2060 cm™, and 2080 cm™ lose
intensity and disappear. Above 247 K, no CO vibrations are
observable anymore. We propose that the remaining precursor
species on the surface are oxidized to Co0, at elevated
temperature. As for the other TP-IRAS experiments, no ozone-
induced changes of the IL bands are observed. We ascribe the
small decrease of the IL bands to desorption of IL.

Finally, we analyze the thermal evolution of the remaining
CO vibrations of the Co,(CO)4/[C,C,Pyr][NTf,}/Au(111) film. The
corresponding color-coded intensity plot is shown in Figure 3c
(right panel). According to our findings from Section 2.6, we
assume that a mixture of Co,0, and Co nanoclusters is present
on Au(111) at the beginning of the experiment. The CO
stretching vibration at 2027 cm™ shifts by 17 cm™ to lower
wavenumbers and decreases in intensity with increasing
temperature. These observations indicate the ongoing loss of
CO bound to cobalt nanoclusters and show that the proposed
protective function of the IL molecules on the cobalt nano-
clusters is lost at elevated temperatures.

3. Conclusions

In this work, we studied the preparation, the thermal stability
and the stability against oxidation of layered films of Co,(CO)g
and [C,C,Pyr][NTf,] on Au(111) by time-resolved and temper-
ature-programmed IRAS under UHV conditions. A graphical
illustration of the observations for the different films and
reaction conditions is shown in Figure 4. In particular, different
deposition orders of the IL and the cobalt precursor were
applied at surface temperatures of 110 K and 225K, respec-
tively. This approach allows studying the influence of the
layering in the film on the stability of the precursor against
thermal decomposition or oxidation by oxygen or ozone. Our
main findings are summarized as follows:

1) Preparation of the layered films: Deposition of Co,(CO)g and
[C,C,Pyr][NTf,] at 110 K onto Au(111) leads to layered films
consisting of molecular Co carbonyl complexes and IL. We
identified several bridged and non-bridged precursor spe-
cies based on their IR spectra (Co,(CO)g; and Co,(CO),,) and
observe dynamic interconversion between these different
species. In particular, interaction with Au(111) induces the
conversion of CO-bridged complexes to Co carbonyls with
exclusively terminal CO ligands.
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Figure 4. Graphical illustration of the observations for the different films and reaction conditions.

2) Thermal stability: The IL/precursor interaction is weak as
compared to the interaction of the precursor with Au(111).
The comparatively stronger metal/precursor interaction
leads to formation of Co nanoclusters on Au(111) upon
heating, while the precursor desorbs molecularly from an IL
layer. Deposition of Co,(CO); onto Au(111) or of an IL layer
at elevated temperatures (225 K) leads to the formation of
Co nanoclusters already during the deposition process.
Stability against oxidation: Precursor-terminated layers are
readily oxidized by ozone at low temperatures. An un-
ordered Co,0, layer passivates the films and prevents further
oxidation of the precursor molecules. Similarly, also an IL
cover layer protects the precursor molecules from oxidation
at low temperatures. At elevated temperatures, the oxide
passivation layer and the IL get successively permeable for
ozone which, in turn, leads to full oxidation of the precursor
multilayer. Furthermore, we observe the formation of Co
nanoclusters during heating of the systems in ozone.
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