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Abstract

By studying complex model catalysts based on well-defined oxide surfaces, fundamental insights have been obtained into
the surface chemistry of many heterogeneously catalyzed processes. In this perspective, we summarize a series of studies,
in which we have transferred this model catalysis approach to the field of electrocatalysis. Our model electrocatalysts con-
sisted of Pt nanoparticles (NPs) grown on atomically-defined oxide films. Specifically, we used well-ordered Co;0,(111)
thin films on an Ir(100) support. The Pt NPs were prepared by physical vapor deposition (PVD) and the particle size was
varied from a few nanometers to the sub-nanometer size range. We prepared all model catalysts under ultra-high vacuum
(UHV) conditions using a dedicated preparation system. This setup enables us to transfer the model catalysts from UHV into
the electrochemical environment to apply various in-situ techniques without exposure to air. We investigated the stability
window of pristine Co;04(111) and Pt/Co;0,(111) using online inductively coupled plasma mass spectrometry (ICPMS),
electrochemical infrared reflection absorption spectroscopy (EC-IRRAS), scanning tunneling microscopy (STM), ex-situ
emersion X-ray photoelectron spectroscopy (XPS), and low energy electron diffraction (LEED). Within the stability window
(pH 10, 0.3-1.1 Viyp) the surface structure of the model electrocatalysts is preserved. We analyzed identical samples both
in UHV and in the electrochemical environment. Specifically, we applied synchrotron radiation photoelectron spectroscopy
(SR-PES) and ex-situ emersion XPS to analyze the electronic structure and we used infrared reflection absorption spectros-
copy (IRAS), temperature programmed desorption (TPD), EC-IRRAS, and cyclic voltammetry (CV) to study CO adsorption
and oxidation. The model electrocatalysts show pronounced particle size effects and metal support interactions are shown to
play a key role in their catalytic reactivity. Of particular importance is an interfacial Pt oxide, which is stabilized by the oxide
support and exists at electrode potentials as low as 0.5 Viy. Moreover, spillover effects enable new reaction mechanisms,
which involve oxygen from the oxide support. This review demonstrates the potential of the model electrocatalysis approach
to provide fundamental insights into complex oxide-based electrocatalysis.
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1 Introduction

In the field of heterogeneous catalysis, the model catalysis
approach has been contributing substantially to our cur-
rent understanding of surface chemistry [1-6]. In model
catalysis, we use complex but atomically-defined oxide-
based catalysts, which bridge the so-called materials gap
between single crystal surfaces used in surface science
and complex materials used in applied catalysis [7]. A
very similar materials gap also exists in electrocatalysis.
However, it is fair to say that fundamental understand-
ing in electrocatalysis lags behind the field of heterogene-
ous catalysis because of the special challenges associated
with studying solid/liquid interfaces. Many fundamental
insights in electrocatalytic reactions result from studies
at single crystal electrodes [8—12]. Here one key step
was the development of flame annealing, which enables
the use of single crystal electrodes without complex and
expensive UHV equipment [13]. Still bridging between
single crystal studies and complex electrode materials is
difficult in many cases, in particular for complex oxide-
based electrodes [14]. Non-surface-science preparation
techniques as electrodeposition, chemical vapor deposi-
tion, or sputter deposition can help to prepare such com-
plex interfaces, but in most cases, these procedures do not
provide true atomic-level-control or they are limited to
specific materials.

Oxide-based electrodes are of special interest for a
number of reasons. Oxides contribute additional func-
tionalities, e.g. they provide hydroxyl-species, which may
increase the electrocatalytic activity [15-22]. Further-
more, oxide supports can stabilize nanoparticles against
sintering [23-25].

In the model studies described in this work, we aim
transfering the model catalysis approach to electrochem-
istry, i.e. we ‘electrify’ well-defined model catalysts by
bringing them into the electrochemical environment.
Importantly, we use complex atomically defined model
systems prepared in UHV, which are characterized by the
full portfolio of surface science techniques. There are sev-
eral challenges associated with this approach. First, we
have to develop the methods to transfer the samples in an
ultra-clean fashion into the electrochemical environment.
Secondly, we have to find appropriate model systems, the
structure of which is preserved under electrochemical
conditions.

In principle, the combination of surface science prepa-
ration and electrochemistry is not new at all [26-28]. Vari-
ous groups developed related equipment and procedures
and used the approach to prepare modified metal surfaces
and alloys [27, 29-32]. However, very little work has been
done using oxide-based materials. Only in the very last

years, first attempts were made to transfer ordered oxide
surfaces from UHYV into the electrolyte. Miillner et al.
studied e.g. the WO; adsorption on ordered TiO,(110)
and Fe;0,(001) [33] and the stability and catalytic per-
formance of Fe;0,(001) and Fe;0,(110) during the oxygen
evolution reaction (OER) [34]. Fester et al. studied the
morphological transformations of CoO, nanoislands on
Au(111) during OER [35]. In this perspective, we sum-
marize the first series of studies from our group following
such a surface-science based approach investigating oxide-
based electrocatalysis [36—41]. This includes first work in
which we studied adsorption and reactivity of noble metal
particles on atomically-defined oxide surfaces, which were
prepared in UHV and studied both in UHV and in liquid
electrolytes under potential control.

2 Coupling UHV Preparation
with Electrochemical In-Situ Techniques

First, we address the above-mentioned ‘methods challenge’.
In the last decades scientists developed a broad range of elec-
trochemical in-situ methods, which are complimentary to
classical electrochemical techniques like cyclic voltammetry
(CV) [9, 13] and electrochemical impedance spectroscopy
(EIS) [42] and which are compatible with well-defined sur-
faces. Scanning probe microscopy, specifically electrochem-
ical scanning tunneling microscopy (EC-STM) [8, 43, 44]
and electrochemical atomic force microscopy (EC-AFM),
and diffraction methods like electrochemical surface X-ray
diffraction (EC-SXRD) [45] allow us to obtain structural
and morphological information. X-ray photoelectron spec-
troscopy (XPS) [46, 47] addresses the electronic structure
of the electrified interface. Volatile products are analyzed
by mass spectrometry such as differential electrochemical
mass spectrometry (DEMS) [48], online electrochemical
mass spectrometry (OLEMS) [49], or electrochemical real-
real time mass spectrometry (EC-RTMS) [50]. Vibrational
spectroscopy such as electrochemical sum frequency gen-
eration (EC-SFG) [51] and electrochemical infrared reflec-
tion absorption spectroscopy (EC-IRRAS) [52-54] allows
us to analyze adsorbates at the electrode surface. To couple
these methods with UHV-prepared model electrocatalysts,
it is necessary to set up dedicated preparation chambers,
which enable ultra-clean transfer to these in-situ methods.
Varieties of different setups were developed in the past,
which couple UHV chambers with an electrochemical cell,
mainly focusing on the UHV analysis after electrochemical
treatment. Several review articles report summaries of the
different approaches [26-28, 55, 56]. Most of these setups,
however, did not aim at combining UHV preparation with
advanced spectroscopic or microscopic in-situ methods.
Recently, we described a new UHV preparation system and
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transfer system, which is compatible with a broad range of
different in-situ methods like e.g. CV, EC-STM, DEMS, and
especially EC-IRRAS. Also, we demonstrated the feasibility
of the combined experiments [39]. Our setup consists of a
conventional UHV chamber and a transfer system (Fig. 1a).
For UHV preparation, the main chamber is equipped with
the usual preparation tools such as ion gun for Ar* sputter-
ing, electron beam evaporators for physical vapor deposition,
microbalance for calibration, leak valves for gas exposure,
and tools for sample manipulation, heating and cooling (cry-
ostat, filament, k-type thermocouple). For surface characteri-
zation, the UHV chamber has an optics for LEED and Auger
electron spectroscopy (AES) and a quadrupole mass spec-
trometer (QMS). The sample is mounted on a sample holder
using two rails. This construction enables the release of the
sample without any sample holder, thus avoiding contami-
nations in the electrochemical cell, which may easily result
from the sample holder. The transfer system consists of a
lock chamber and a glass transfer cell. Gate valves separate
the different units. Before transfer, the surface of the sample
is saturated with CO. During the transfer, the polished rod
of the manipulator, O-rings and a differential pumping stage
seal the main chamber from the lock chamber. This allows

Fig. 1 a Schematic represen- (a)
tation of the UHV transfer

system; b sketch of the transfer

process from UHYV to the

electrochemical environment. UHV Main C
Adapted with permission from
Ref. [37], Copyright 2018,
American Chemical Society

purging the lock chamber with inert gas while UHV condi-
tions are preserved in the main chamber. The transfer cell is
filled with ultra-pure water purged with an inert gas. A PTFE
pin pushes the sample out of the sample holder (see Fig. 1b),
which drops into the degassed ultra-pure water. Here it is
protected against contamination from the ambient. Finally,
the transfer cell is disconnected from the UHV chamber,
sealed under inert gas atmosphere, and is transported to the
in-situ method of choice. A droplet of ultra-pure water pro-
tects the sample surface during the transfer from the transfer
cell to the in-situ setup. For post analysis a back transfer of
the sample to UHV is possible [39].

3 Characterization of Co;0,(111) and Pt/
Co;0,(111)

In the next step, we address the challenge of finding an
appropriate model system. A broad range of different epi-
taxially grown oxide thin films is known [1, 57]. For electro-
chemical applications, cobalt oxide is particularly interesting
as a support. Co;0, itself is highly active for different reac-
tions [58-61], even if the mechanism is poorly understood in
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most cases. Co;0, also provides supporting functionalities
for noble metal electrocatalysts, for instance for the case of
alcohol electrooxidation [20-22].

Highly ordered Co;0,(111) films can be prepared on
Ir(100) following a recipe developed by Heinz and Ham-
mer (see Fig. 2) [62, 63]. From their LEED I-V and STM
studies, the surface structure is known. Co;0,(111) grows
in a spinel structure and the surface is terminated by a hex-
agonal layer of tetrahedral Co** ions with a ion distance of
5.7 A. The surface has a low defect density as confirmed
by STM images (Fig. 2, left) [41]. In our previous work,
we investigated Co;0,(111) under UHV conditions [64].
To prepare clean and well-defined model electrocatalysts,
Pt nanoparticles are grown on the Co;04(111) support by
physical vapor deposition (PVD). This approach enables to
prepare Pt particle sizes from subnanometer particles with
less than 10 atoms per particle to conventional nanoparticles
with diameters of ~3 nm and ~ 500 Pt atoms per particle, all
with a relatively narrow size distribution [41]. We provide
an overview over the particle sizes prepared in the reported
studies in Table 1 [38].

4 Stability of Co;0,(111) and Pt/Co;0,(111)

For the model electrocatalysis approach, it is not only the
surface structure of the initially prepared sample which
is important. It is furthermore essential that the surface
structure is preserved in the electrochemical environment.
The Pourbaix diagram predicts a large thermodynamic sta-
bility window for Co;0, in alkaline media [65]. First we
studied the electrochemical and dissolution behavior of
Co;0,4(111) by online ICPMS [66, 67] for pH values of
8, 10 and 12 in phosphate buffer [37]. Figure 3 shows Co
dissolution rate (upper part) and the corresponding current
density (lower part) versus the applied potential, both for
the negative (Fig. 3a) and positive (Fig. 3b) limits of the
stability window. Co;0,(111) has a lower stability at pH

Model catalyst: preparation and characterization

Table 1 Nominal Pt coverage, average NP size, and estimated average
number of metal atoms per NP [38]

Nominal Pt coverage Average NP size (nm) Average number

(ML) of Pt atoms per
NP

0.09 <0.8 <10

0.14 0.8 ~10

0.20 0.9 ~15

0.27 1.0 ~20

0.45 1.2 ~30

1.36 23 ~200

2.73 2.9 ~500

8, while the stability is significant higher for pH 10 and
pH 12. The threshold for the onset of dissolution at lower
potentials is below 0.3 V. The dissolution is connected
to the reduction of the mixed oxide to Co** species and
has a complex kinetics [37]. At pH 8, the dissolution rate
in cathodic direction reaches nearly 2000 pg s™! cm™,
while in the reverse scan (data not shown) the dissolution
is even higher with 7000 pg s~' cm™2, corresponding to
a dissolution rate of ~240 ML h~!. Note that we define a
monolayer (ML) of cobalt oxide as a single layer of close-
packed oxygen with the corresponding layer of Co** ions.
This means that a film of 6 nm thickness dissolves under
these conditions in a few minutes. At pH 10 and 12 the
dissolution rate is much lower and reaches in cathodic scan
direction 60 pg s~' cm™? (2.1 ML h™!) and 30 pg s™' cm™>
(1.0 ML h™!) at — 0.3 Vg, respectively. The correspond-
ing CVs have the most prominent features at pH 12 with
reduction peaks at +0.2 Viygp (C4), —0.04 Viyp (C5),
and —0.12 Vg (C6), which we assign to the reduction
of Co;0, to Co(OH),, Co;0, to Co?, and Co(OH), to Co°,
respectively. At pH 10, a reduction feature is present at
—0.25 Vgyg, which can be assigned to the reduction of
Co,0,, Co(OH), and/or CoO to Co° and pH 8 shows a
continuous increase in current [37]. Note that at higher

¢
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Fig.2 Preparation and characterization of Pt/Co;04(111) model elec-
trocatalysts; model and STM images of Co;04(111) on Ir(100) (left),
crystal and surface structure (middle), and model and STM image of

Pt/Co50,4(111) (right). Reproduced with permission from Ref. [41],
Copyright 2018, Nature Publishing Group
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Fig.3 Electrochemical behavior and dissolution rate of Co;0,(111)/
Ir(100) during potential scan at pH values of pH 8 (purple), pH 10
(red), and pH 12 (green): a cathodic scan, b anodic scan. All meas-

pH the formation of Co(OH), is favored, while at lower
pH CoO is formed.

Much lower Co** dissolution rates are observed at higher
potentials (Fig. 3b, 0.5-1.8 Vyygp). While for pH 8, the dis-
solution rates of Co** are up to 20 pg s~! cm™ (0.7 ML h™!),
the dissolution at pH 10 and 12 is below the detection limit
of the ICPMS (<5 pg s~' cm™2,0.17 ML h™!) for the whole
potential region. In the corresponding CV at pH 12, the most
dominant features appear at 1.14 V (A1), 1.31 (A2), and 1.51
Vgug (A3), which were assigned to the oxidation of Co**
surface ions, the formation of a oxyhydroxide layer includ-
ing surface reconstruction, and the oxidation of Co(IIl) to
Co(IV) [37]. At lower pH values, the peaks are suppressed,
due to the reduced concentration of OH™ ions. From the
results, we conclude that the highest stability is obtained
at pH 10. At lower pH values, an intensified dissolution is
observable and, for higher pH values, redox transformations
are more facile in the topmost layer. Therefore, we conclude
that the practical stability limits at pH 10 are 0.3 Vgyp and
1.3 Vgyg With a dissolution of less than 0.2 ML h™! in the
potential range between [37].

The stability window was validated by EC-IRRAS,
LEED, ex-situ XPS [37, 41], and ex-situ emersion XPS
[36, 41]. In Fig. 4, we show selected results before and after
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urements were carried out in 0.05 M phosphate buffer with a scan
rate of 5 mV s~'. Adapted with permission from Ref. [37], Copyright
2018, American Chemical Society (Color figure online)

exposure to electrochemical conditions. In the EC-IRRAS
experiment, CO was used to probe uncovered parts of the
Ir(100) substrate during cycling between 0.3 and 1.3 Vyyg
for pH values of 5, 8, and 10. At pH 5, the Co;0, film com-
pletely dissolves after only 6 cycles. At pH 8, a weak CO,4
feature is observable after 8 cycles. At pH 10, no CO adsorp-
tion was detectable during the experiment indicating stabil-
ity of the oxide film [37]. After the EC-IRRAS experiment,
the surface was analyzed by LEED in UHV. Note that we
did not introduce any additional cleaning or heating step.
While the sample exposed to pH 5 showed LEED pattern
of bare Ir(100), at pH 8 we observed a diffuse LEED image
indicating complete loss of the long range structure. In sharp
contrast, the characteristic LEED pattern of Co;0,(111)
was preserved at pH 10 (see Fig. 4). This confirms that the
long-range structure of the Co;0,(111) film is stable under
these conditions, even if additional surface hydroxylation
and phosphate adsorption occurs in the electrochemical
environment [37]. The Co 2p spectrum after preparation
of Co;0,4(111) (Fig. 4a) shows peaks at 779.0 eV for Co**
and 780.2 eV for Co** and the corresponding satellites at
798.2 and 785.3 eV, respectively. After emersion between
0.5 Vyug (exemplary shown in Fig. 4b) and 1.4 Vg, the
shape of the Co 2p spectrum shows hardly any change as
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Fig.4 Testing the structural
and chemical stability of

(a) as prepared

Co;0,(111) and Pt/Co;0,(111). UHV
a LEED pattern (144 eV) and
XPS (Co 2p) of the freshly LEED Co0,0,(111)/

prepared Co;0,(111) film;

STM images (in air) and XPS
(Pt 4f) of the Pt/Co;0,(111)
model catalyst after preparation.
b LEED pattern (138 eV) and
XPS (Co 2p) of the Co;0,(111)
film after transfer into the
electrochemical environment
and vice versa (pH 10, 0.1 M K/
H;PO, buffer); XPS (Pt 4f)

of the Pt/Co;0,(111) model
catalyst after transfer into the
electrochemical cell and back
(pH 10, 0.1 M K/H;PO, buffer).
XPS spectra were recorded
with a monochromated Al Ko
source (1486.6 eV). Reproduced

Ir(100)

Y /STM

Co,0,(111)

(b) after electrochemistry

electrochemical UHV
environment LEED Co.,0,(111)/
transfer transfer Ir(100)
—

with permission from Ref.
[41], Copyright 2018, Nature
Publishing Group
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Intensity, arb. units
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compared to the initial spectrum after UHV preparation. In
the O 1s spectrum the intensity of the contributions from
hydroxyl groups/phosphate, chemisorbed and physisorbed
water increases after emersion due to water adsorption and
dissociation [36]. The analysis of the film thickness by ex-
situ emersion XPS did not show perceptible changes below
1.2 Viyg. Only at potentials above 1.2 V the film thick-
ness increases slightly (5%), most likely due to formation
of CoOOH at the surface [36]. When leaving the stability
window towards reducing conditions, the Co 2p spectra dras-
tically change at —0.2 Vgyg, indicating formation of Co”
and Co(OH),. Additionally the Ir signal in the Ir 4f spec-
trum increased indicating dissolution and restructuring of

80 79 78 77 76 75 74 73 72 71 70 69 68
Binding Energy, eV

80 79 78 77 76 75 74 73 72 71 70 69 68

Binding Energy, eV

the Co;0,4(111) film [36]. The results demonstrate that it is
possible to preserve the atomic structure of the Co;0,(111),
but it is mandatory to maintain the sample in a well-defined
stability window under all conditions [36, 37].

The stability of Pt/Co;0,(111) supported NPs under reac-
tion conditions was investigated by STM [41], ex-situ [40]
and ex-situ emersion XPS [36, 41] and EC-IRRAS [41].
STM images (Fig. 4) before and after exposure to electro-
chemical conditions (0.3—1.1 Vgyg, phosphate buffer) show
that the morphology of the catalysts does not change in the
course of the experiment. By probing the surface with CO
and performing several CO oxidation cycles, we demon-
strated that the adsorption sites do not change over several
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cycles. While the Pt 4f spectra after preparation show fea-
tures of metallic Pt’ at 70.9 eV and partially oxidized Pt>*
at 72.0 eV after immersion at 0.5 Vg an additional feature
appears at 73.8 eV which is assigned to Pt** (see Fig. 4).

5 Redox Behavior of Pt/Co;0,(111)

In the next step, we investigated the redox behavior of Pt
NPs on Co;0,4(111) both in UHV and in electrochemical
environment [36, 38]. Figure 5a shows the Pt 4f spectra after
Pt deposition onto Co;0,4(111) at 300 K measured with syn-
chrotron radiation photoemission spectroscopy (SR-PES) in
UHV. At very low coverage, only a single feature at 72.3 eV
is observable, which we assigned to partially oxidized Pt>*.
Note that the charge of this partially oxidized Pt** was deter-
mined to be ~0.1 [68]. With increasing Pt coverage, a sec-
ond feature appears at 71.3 eV, which becomes dominant at
higher Pt coverage. We assign this component to metallic
Pt°. Here the partially oxidized species is most likely located

Fig.5 SR-PES data in UHV of
the Pt 4f region measured for Pt

at the interface between the metallic Pt particle and the oxide
support. When increasing the temperature (Fig. 5b), the Pt®*
species at 72.3 eV vanishes at temperatures between 400 and
450 K due to reduction of Pt®*. Above 450 K, the Pt° signal
decreases mainly because of sintering of the NPs [38].

By ex-situ emersion XPS, we addressed the redox
behavior under electrochemical conditions [36]. Figure 6
shows the Pt 4f spectra of Pt/Co;0,(111) with a particle
size of ~2.5 nm after preparation. The sample was emersed
at potentials between 0.5 and 1.4 Vyyg, and finally after
returning to 0.5 Viyg. The spectra of initially prepared
Pt/Co;0,(111) contain features at 70.9 eV for Pt’ and at
72.0 eV for Pt®* and the cobalt oxide (data not shown) is
partially reduced due to metal support interaction. After
emersion at 0.5 Viyg, an additional species appears at
73.8 eV, which we assign to interfacial Pt**. The cobalt
oxide becomes reoxidized (data not shown), which we assign
to dissociation at Pt>* sites and oxygen spillover to the sup-
port [36]. The intensity of the Pt** feature is moderately
low between 0.5 and 1.0 Viyg. At 1.0 Vi the feature at

Pt/C0,0,(111)/Ir(100)

deposition on Co;04(111) and
after subsequent annealing. a

Pt 4f spectra taken at differ-

ent Pt loadings; b Pt 4f spectra
taken after annealing of Pt/
Co;04(111) (Pt loading 2.0 ML)
to temperatures between 300
and 850 K. The contributions
from Pt>* and Pt° are marked
green and red, respectively.

All spectra were acquired with

a photon energy of 180 eV.
Reproduced with permission
from Ref. [38], Copyright 2018,
American Chemical Society
(Color figure online) "
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Fig.6 Pt 4f (a) spectra

interface

were obtained from the Pt/
Co;0,(111)/Ir(100) film fol-
lowing the electrochemical
treatment at different electrode
potentials. The evolution of the
integrated Pt 4f intensities asso-
ciated with Pt (b), P +Pt>*
(), and Pt** (d) species is
shown as a function of electrode
potential. The Pt 4f spectra in
(a) were obtained with a mono-
chromated Al Ka X-ray source
(1486.6 eV). Red circles and
squares mark the data obtained
before and after the electro-
chemical treatment and return-
ing to 0.5 Vyyg, respectively.
Reproduced with permission
from Ref. [36], Copyright 2018,
American Chemical Society
(Color figure online)
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72.0 eV increases and we assign this to formation of sur-
face PtO [36]. Note that the peak positions of Pt%*, PtOH,
and Pt>* are overlapping. At 1.1 Vg and above, the fea-
ture of Pt*" increases due to the formation of surface PtO,.
While the onsets for the surface oxide formation are in good
agreement with carbon supported Pt NPs and Pt surfaces,
we reported the formation of interfacial Pt-oxide for the
first time at potentials as low as 0.5 Vi [36]. We attribute
the appearance of the Pt-oxide at such low potential to the
electronic metal support interaction and the stabilization of
oxides at the oxide NP-interface [69]. Kinetically, forma-
tion of the oxide phase may be facilitated by reverse oxygen
spillover and/or dissociation of OH adsorbed on Pt>". No
substantial changes are observed in the total intensity of
the Pt4f spectra, indicating that the sample is stable with
respect to sintering in this potential region. While Co* ions
in Pt/Co;0,(111) are partially reduced upon Pt deposition,
the surface Co is reoxidized upon immersion at 0.5 Vgyg.
Most likely, this is due to water dissociation at Pt®* and
oxygen spillover. When we applied 4 redox cycles between
0.3 and 1.4 Vg and returned to 0.5 Vg, the P and Pttt
intensities were found to be comparable to the Pt> and Pt**
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intensities measured initially at 0.5 V. The intensity of
Pt® is only partially recovered, indicating minor Pt dissolu-
tion [36]. For details on Pt dissolution, we refer to studies
by Cherevko et al. [70].

6 CO Oxidation on Pt/Co;0,(111)
and Particle Size Effects

We investigated the Pt/Co;0,(111) model electrocatalysts
under reaction conditions using CO oxidation as the model
reaction. This reaction is a very simple oxidation reaction
and extremely well studied both in UHV [71, 72] as well as
in electrochemistry [73-79]. Applying in-situ IR spectros-
copy, adsorbed CO can serve as a probe for different adsorp-
tion sites [80]. Figure 7a shows the stepwise adsorption of
CO on Pt/Co;0,(111) with conventional Pt NPs (~2.5 nm,
400 atoms per particle) in UHV. The spectrum shows the
typical CO on-top band (CO,) between 2075 and 2100 em™L,
The band shifts to higher wavenumbers with increasing CO
coverage, mainly because of defects and dipole interaction
[80]. While CO adsorbs first at low coordinated adsorption
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Fig. 7 IR spectra of conven-
tional Pt NPs on Co;0,(111).

CO adsorption on Pt/Co,0,(111)
(@) in ultrahigh vacuum

(b) under electrochemical conditions

a Stepwise CO adsorption in
UHYV; the reference spectrum
was taken before CO dosage. b
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sites, it probes also the facet sites with increasing cover-
age while, in addition, also the dipole coupling intensifies.
Both effects result in a blue shift. At 1860 cm™! a band is
observable, which is attributed to bridge bonded CO (CO,).
Using identical samples, both in UHV (Fig. 7a) and in elec-
trochemical environment (Fig. 7b), we can directly compare
the spectra in the different environments. In electrochemical
environment, we adsorbed CO at+0.33 Vg and subse-
quently oxidized CO by increasing the potential stepwise
t0+0.76 V. The bands at 2020 and 1825 cm™! we assign
to CO, and CO,, respectively. The CO on-top band shifts
to lower wavenumbers with increasing potential. While the
Stark effect induces a blue shift with increasing potential,
this effect is overcompensated by the decreasing dipole cou-
pling due to the oxidation of CO, resulting in a red shift.
Additionally, anion adsorption might also contribute to the
redshift due to strengthening of the CO back donation. At
2080 cm™!, there is an additional band the nature of which
is still under debate. While we tentatively assigned this to a
carbonyl like Pt species, results by Christopher et al. [81, 82]
might suggest an assignment to strongly bound CO on oxi-
dized Pt. This interpretation would be in agreement with the
results obtained by ex-situ emersion XPS, where we found
an additional Pt** species at low electrode potentials [36]. A
direct comparison of the results obtained in UHV and in the
electrochemical environment show that the bands in electro-
chemical environment are shifted to lower wavenumbers and
exhibit a distinct broadening. This broadening is much more
pronounced on Pt NPs than on Pt(111) (see Fig. 8). The red-
shift arises from the polarizability of the electrolyte, from
lower CO coverages at higher buffer concentrations and from
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the Stark effect. The broadening we assign to coupling with
the electrolyte and to the inhomogeneity of the adsorption
sites. Most likely, however, the broadening mainly arises
from the inhomogeneity of the electric field, which gives
rise to different Stark shifts at different positions on the NP.

Particle size effects are a well-known phenomenon both
in heterogeneous [83, 84] and in electrocatalysis [85, 86].
UHYV preparation allows us to vary the particle size in a
controlled manner and to study the particle size effects of
oxide supported Pt NPs, both in electrochemical environ-
ment and under UHV conditions [40]. In Fig. 8 we show
spectra of adsorbed CO on Pt NPs with diameters from
the subnanometer to the nanometer regime as well as on
Pt(111). The comparison of the IR spectra of CO adsorp-
tion on Pt(111) in electrochemical environment and in
UHYV shows clear differences in the CO/CO, ratio. Note
that the intensity ratio of the on-top and bridge bonded
CO peak does not reflect the actual coverage due to dipole
coupling effects and differences in the dynamic dipole
moments. While XPS data on Pt(111) show that the ratio
between CO on-top and bridge bonded CO in UHV is~ 1:1
at saturation coverage [87], the intensity of CO, is 5 times
lower than that of CO,. In EC-IRRAS the ratio between CO
on-top and bridge bonded CO on Pt(111) is~ 1 indicating
that CO adsorbs preferentially in bridge bonded adsorption
geometry in the electrochemical environment. We assume
that coadsorption of anions (phosphate, OH™) suppresses
CO adsorption in on-top position [40]. On the nanopar-
ticles, the preferential CO binding motive changes from
bridging to on-top and with decreasing particle size COy,
is further suppressed. On very small NPs (0.27 ML Pt) no
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Fig.8 Comparison of the IR spectra of adsorbed CO on Pt/
Co;0,4(111) with varying particle sizes recorded a in the electrochem-
ical environment (1 M phosphate buffer, pH 10) and b in UHV envi-
ronment. The EC-IRRAS spectra are recorded at a potential of 0.33
Vrue and referenced against 0.805 Vyyg. The IRRAS spectra in UHV
are recorded after exposure to 49 L CO. Reproduced from Ref. [40]
with permission from the PCCP Owner Society

bridge bonded CO was detected. We assign this depend-
ence to an increased fraction of low coordinated adsorp-
tion sites binding CO more strongly and, therefore, leading
to a strong preference for CO,. An increasing fraction of
low coordinated adsorption sites is also indicated by the
red-shift of the CO on-top signal for small Pt NPs [40].
Note that the CO, red-shifts with decreasing coordination
number [25]. Finally, at very low Pt coverages (0.14 ML)
no CO adsorption is detected, even though EC-IRRAS is
highly sensitive for CO at low coverage (detection limit
below 1% of a monolayer). We attribute this observation
to electronic metal support interactions (EMSI), which we
discuss in more detail in the following chapter. In UHYV,
the CO,/CO, ratio also decreases with decreasing Pt parti-
cle size and the CO, shifts to lower wavenumbers. This is

CV - CO electrooxidation

[ Pt(111)

200 T

200 ¢ t t
1 2.8 ML Pt/Co,0,

200 T

——

200 '
T 1.4 ML PtCo,0,

200 T

L 0.45 ML Pt/Co,0,

j [nAcm?]

" 0.14 ML Pt/Co,0,

200
0 -: e
-200 & N (~10 atoms/NP)
Co,0 (9
200 ¢ \
°T ————
200 &y : : :
0.4 06 08 1.0

Potential vs. RHE [V]

Fig.9 CVs taken during CO stripping from Pt NPs on Co;0,/
Ir(100); a Pt(111) reference, b 2.8 ML Pt/Co;04(111), ¢ 1.4 ML Pt/
Co;0,(111), d 0.45 ML Pt/Co;0,(111); e 0.27 ML Pt/Co;0,(111),
f 0.14 ML Pt/Co50,(111), and g Co;0,(111). All CVs were taken
in 0.1 M phosphate buffer at pH 10 with a scan rate of 50 mV s~!,
Reproduced from Ref. [40] with permission from the PCCP Owner
Society

in analogy to the behavior observed under electrochemical
conditions.

CVs of the CO stripping experiment are shown in Fig. 9
for Pt(111) and Pt NPs on Co;0,(111) with particle sizes
from 2.8 to 0.14 ML [40]. The first cycle for Pt(111) shows
a peak at 0.79 Vg, which corresponds to CO adsorption
on (111) facets. Additionally there are shoulders at 0.76 and
0.60 Vypg, which result from CO adsorption at low coordi-
nated Pt sites. In the hydrogen region, no peak is observable
due to blocking by preadsorbed CO. The second CV cycle
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shows the typical features of Pt(111) in phosphate buffer
at pH 10 [88, 89]. All Pt/Co;0,(111) samples show resis-
tive and capacitive backgrounds due to the semiconduct-
ing nature of Co;0, [90]. The CO oxidation peaks decrease
with decreasing particle size and the CO oxidation peaks
of the particles are much broader as compared to Pt(111)
with a distinct shoulder towards lower potentials. This is
induced, on the one hand, by a high number of low coor-
dinated adsorption sites and, on the other hand, by a sup-
porting effect of the oxide, which acts as OH donor through
reverse oxygen spillover effects [40].

7 Metal Support Interaction

Metal support interactions play a major role in oxide-
supported catalysts [5, 91]. To address the metal support
interaction we investigated the CO adsorption on freshly
prepared Pt/Co;04(111) in UHV at 115 K [38]. At this tem-
perature, weakly adsorbed CO is detected as well. In Fig. 10

Transfer

CO Dose
0.003 L

B =

IRAS

i

C °2+

Pt PE Co*

T T T T
2300 2200 2100 2000 1900 2200
Wavenumber [cm™]

T T
2100 2000 1900
Wavenumber [cm™]

Fig. 10 IRAS spectra acquired at 115 K after saturation of the Pt/
Co;04(111) with CO before (left) and after (right) annealing to
550 K. The bands highlighted in red, orange, and cyan are assigned to
CO adsorbed on metallic Pt°, partially oxidized Pt®*, and the Co30,
support, respectively. The background was taken immediately before
CO dosage. Adapted with permission from Ref. [41], Copyright
2018, Nature Publishing Group (Color figure online)
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(left), we show the corresponding spectra and we identify
three different CO bands. CO adsorption on metallic Pt°,
partially oxidized Pt®*, and Co,0,(111) give rise to bands
at 2090, 2115, 2150 cm™, respectively. After annealing
to 550 K, the spectrum changes dramatically as shown in
Fig. 10 (right). The CO, signal from metallic Pt° shifts to
the blue and sharpens due to particle sintering and forma-
tion of well-shaped particles. The most dramatic difference
is, however, seen in the band from CO adsorbed on Pt®*,
which vanishes completely after annealing. This observation
indicates that Pt®* is fully reduced, an observation which is
also confirmed by SR-PES measurements (Fig. 5). The TPD
spectrum measured after the first set of IR spectra shows
CO, formation. Here the oxide support acts as an oxygen
source either via reverse oxygen spill-over or via reaction
across the NP/oxide boundary. In the second TPD measured
after the second set of IR spectra, no further CO, is formed
for Pt loadings smaller than 1.36 ML Pt. This demonstrates
that all oxygen available from the oxide reservoir has been
consumed [38].

The question arises, if similar reaction mechanisms
also exist in the electrochemical environment. CO adsorbs
weakly on Pt®*, which implies that such sites cannot be
probed in EC-IRRAS experiments at room temperature.
We address this question using an indirect approach [38].
Several cycles of CO oxidation were measured, as shown in
Fig. 11a. For the smallest NPs (0.36 ML) only a single broad
feature is observable at 1993 cm™! that initially does not
show any potential dependent shift. With increasing cycle
number, the spectra show a blue shift, the intensity increases
drastically, and the CO, band shows a redshift with increas-
ing potential. Our findings suggest that Pt®* is reduced to
Pt® and CO probes these metallic adsorption sites at room
temperature. The blueshift and the potential dependent shift
arise from the enhanced dipole coupling with increasing size
of the metallic aggregate. At larger Pt coverage the CO, band
also increases, but the effect is less pronounced. We plot-
ted the relative band intensities of the CO bands versus the
potential cycle in Fig. 11b for the different particle sizes
and for Pt(111) as a reference. While the band intensity
does not change with cycling for Pt(111), the band intensity
increases for the Pt nanoparticles, especially for the small
ones. Note that we observed the largest fraction of Pt>* being
formed at the smallest Pt coverages. We propose that this
Pt®* is reduced during CO oxidation as a result of oxygen
reverse spillover from the oxide support to the supported
NPs. Similar effects are commonly observed in heterogene-
ous catalysis and have been investigated in model studies in
UHV in great detail [5, 6]. From the results, we conclude
that a similar reaction mechanism is also possible in the
electrochemical environment. Finally, we compare the Pt°
signal obtained from SR-PES with the CO, band intensity
from EC-IRRAS for different particle sizes (Fig. 12). At
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Fig. 11 a Comparison of the EC-IRRAS data (pH 10, 1 M phos-
phate buffer) of the CO stretching frequency region for different CO
adsorption and electrooxidation cycles on Pt/Co;04(111) model cata-
lysts with different Pt NP sizes; b comparison of the development of
the band intensity in the CO stretching frequency region as a function
of the Pt NP size, compared to the data obtained from clean Pt(111).
All spectra were recorded at 0.33 Vyye and were referenced to the
spectrum at 0.805 Vypyg. Top right: schematic sketch of the model
system with Ir(111) (silver), Co;0,(111) (red), Pt(dark blue), and
Pt®* (light blue). Reproduced with permission from Ref. [38], Copy-
right 2018, American Chemical Society (Color figure online)
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Fig. 12 a Intensity of the Pt>* and Pt® component derived from SR-
PES experiment as a function of the Pt loading; b intensity of the
on-top CO stretching band derived from EC-IRRAS experiments as
a function of the Pt loading. Reproduced with permission from Ref.
[38], Copyright 2018, American Chemical Society

high Pt coverages, Pt is the dominant Pt species in SR-PES.
At Pt coverages <1 ML the situation changes drastically. The
Pt®* signal increases and becomes the dominant species at
coverages of 0.5 ML Pt. At Pt coverages below 0.1 ML, only
Pt®* is present. The peak intensities in EC-IRRAS show a
similar dependence as a function of the Pt loading. The CO
band intensity decreases rapidly below a coverage of 1 ML
Pt and at very low Pt coverages of ~0.1 ML, we observed no
CO signal at all [38]. From this comparison, we conclude
that very similar metal support interactions are present both
in UHV and in electrochemical environment. This metal
support interaction then enables a new reaction mechanism,
which involves oxygen reverse spillover and the subsequent
reduction of Pt>*.

8 Summary and Future Perspective

This perspective summarizes our first series of studies inves-
tigating complex atomically defined model electrocatalysts
based on ordered oxide films. We prepared these oxide based
model electrocatalysts by surface science methods in UHV
and studied the samples in UHV and under electrochemical
conditions. Specifically, our model electrocatalysts consist
of Pt NP which are prepared by physical vapor deposition
on a Co;0,(111) thin film on Ir(100). We varied the size of
the Pt NPs between the range of sub-nanometer particles and
the range of more conventional nanoparticles with diameters
of a few nanometers. We investigated the stability of the
Co50,(111) and Pt/Co;0,4(111) model electrodes, studied
the redox behavior of the Pt/Co;0,(111) electrocatalyst, and
used the CO oxidation as model reaction. In our studies, we
used a variety of surface science and electrochemical meth-
ods such as IRAS, SR-PES, TPD, STM, EC-IRRAS, ex-situ
emersion XPS, and CV and online ICPMS. From the results,
we conclude the following:

1. Transfer and stability It is possible to prepare atomi-
cally defined oxide-based model catalysts in UHV and
transfer these model electrocatalysts into the electro-
lyte, while keeping their surface clean and preserving
the atomic structure in the electrochemical environment.
For Pt/Co;0,, the stability window is between 0.3 and
1.1 Vyyg in phosphate buffer at pH 10. Within this sta-
bility window, cobalt dissolution from the Co;0,(111)
support is below the detection limit (<0.2 ML h™") and
the surface structure of the support is preserved.

2. Redox behavior of Pt/Co30 ,(111) Charge transfer effects
play an important role for the adsorption and reaction
behavior of Pt/Co;0,4(111) electrocatalysts. These
charge transfer effects induce the formation of (partially)
oxidized Pt species at the metal/metal oxide interface.
In UHV interfacial Pt®* is formed, which is stable in the
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electrochemical environment at potential as low as 0.5
Vgue- Here a small fraction of interfacial Pt** is formed
additionally. By increasing the potential to 1.1 Vgyg and
above, Pt?"and Pt** surface species are formed, which is
in accordance with classical behavior known for Pt NPs
on a carbon support.

3. Particle size effects Pt NPs on Co;0,4(111) show distinct
particle size effects for CO adsorption both in UHV and
in the electrochemical environment. While CO adsorbs
on conventional NPs both in on-top and bridge bonded
geometry, formation of bridge bonded CO is fully sup-
pressed on subnanometer particles due to the domination
of low coordinated adsorption sites.

4. Metal support interactions and spillover effects In UHV
adsorbed CO is oxidized to CO, on freshly prepared Pt/
Co;0,4(111) by a reverse oxygen spillover effect, while
partially oxidized Pt®* is reduced. We observe a quite
similar reaction also in electrochemical environment.
This observation demonstrates that on oxide supported
electrocatalysts a new reaction pathway is possible,
which includes partially oxidized Pt>*. Finally, we dem-
onstrated that with decreasing Pt loading Pt>* becomes
the dominating species. At very low Pt coverages, for-
mation of Pt” is even fully suppressed. This indicates
that reverse oxygen spill-over plays a major role for the
reactivity of these supported NPs, especially for very
small sizes.

The studies summarized in this review illustrate the
potential of the experimental approach. By electrifying
model catalysts made and characterized under surface sci-
ence conditions, a broad range of complex yet atomically
defined model electrodes becomes available. First of all the
approach enables to use a variety of different well-ordered
oxide supports. Further, we envision studying the interaction
of different noble metals with these oxide supports. The use
of alloy particles will further increase the complexity and
will add additional functionalities to the systems. Additional
functionalities are essential to catalyze complex reactions
efficiently. By transferring the approach to these more com-
plex reactions we envision that this will help finally to close
the materials gap between electrochemical surface science
with single crystal surfaces and applied electrocatalysis with
complex nanostructured materials.
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