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Abstract

2-Propanol and its dehydrogenated counterpart acetone can be used as a rechargeable
electrofuel. The concept involves selective oxidation of 2-propanol to acetone in a fuel cell
coupled with reverse catalytic hydrogenation of acetone to 2-propanol in a closed cycle. We
studied electrocatalytic oxidation of 2-propanol on complex model Pt/Co304(111)
electrocatalysts prepared in ultra-high vacuum and characterized by scanning tunneling
microscopy. The electrocatalytic behavior of the model electrocatalysts has been investigated in
alkaline media (pH 10, phosphate buffer) by means of electrochemical infrared reflection
absorption spectroscopy and ex-situ emersion synchrotron radiation photoelectron spectroscopy
as a function of Pt particle size and compared with the electrocatalytic behavior of Pt(111) and
pristine Co30O4(111) electrodes under similar conditions. We found that the Co3O04(111) film is
inactive towards electrochemical oxidation of 2-propanol under the electrochemical conditions
(0.3—-1.1 Vgyg). The electrochemical oxidation of 2-propanol readily occurs on Pt(111) yielding
acetone at an onset potential of 0.4 Vgyg. The reaction pathway does not involve CO but yields
strongly adsorbed acetone species leading to a partial poisoning of the surface sites. On model
Pt/Co304(111) electrocatalysts, we observed distinct metal support interactions and particle size
effects associated with the charge transfer at the metal/oxide interface. We found that ultra-small
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Pt particles (around 1 nm and below) consist of partially oxidized Pt’*t species which show
minor activity towards 2-propanol oxidation. In contrast, conventional Pt particles (particle size
of a few nm) are mainly metallic and show high activity toward 2-propanol oxidation.

Supplementary material for this article is available online

Keywords: isopropanol, isopropyl alcohol, platinum, cobalt oxide, model electrocatalysts
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1. Introduction

The temporal fluctuations in the availability of renewable ener-
gies require the development of efficient energy storage sys-
tems. One of the most commonly discussed means of energy
storage is hydrogen. However, hydrogen storage and distri-
bution typically demands high pressures or low temperatures
and, as a result, a very specific infrastructure [1, 2]. Alternative
concepts for hydrogen storage are rechargeable fuels like, e.g.
liquid organic hydrogen carriers (LOHCs), which are com-
patible with the common infrastructure for the distribution of
liquid fuels [3, 4]. In LOHCs, hydrogen is reversibly bound to
an organic carrier molecule like N-ethylcarbazole [3, 5-8] or
Malotherm and catalytically released when required [9].

Recently, 2-propanol/acetone came into focus as a revers-
ible LOHC couple because 2-propanol can be fed straight
into a direct alcohol fuel cell yielding acetone as a product
[10-15]. While the 2-propanol/acetone couple has a relat-
ively low hydrogen storage capacity, successful strategies
were devised which employ the 2-propanol/acetone couple
in combination with classical LOHCs [10]. In the combined
concept, long-term storage is established using the LOHC
Malotherm, providing high hydrogen storage capacity. In a
closed cycle, stored hydrogen is then transferred to acetone
yielding 2-propanol, which is used as rechargeable fuel in the
fuel cell. Thus, we avoid any molecular hydrogen in the sys-
tem and increase the efficiency of energy conversion from
LOHC-bound hydrogen to electricity from less than 38% for
conventional LOHC concepts to over 50% [10].

2-Propanol is converted to acetone selectively both in acidic
[16—18] and alkaline environments [19, 20]. In alkaline envir-
onment, noble metal particles supported by transition metal
oxides like CeO, and Co304 showed improved performance
in alcohol oxidation [21, 22]. The surface chemistry of such
oxide supported catalysts is quite complex and, therefore,
well-defined model systems are required for an atomistic
understanding of the support effects [23]. In heterogeneous
catalysis, the model catalysis approach contributed essentially
to the current level of knowledge of supported catalysts [24].
In this approach, metal nanoparticles (NPs) are prepared on
atomically defined oxide surfaces and studied by surface sci-
ence methods. Here, we use the same approach to study an
electrocatalytic reaction.

Specifically, we prepared Co304(111) surfaces on Ir(100)
and deposited Pt NPs on this support in ultra-high vacuum
(UHV). Previously we showed that the surface structure
of this model catalyst is preserved upon transfer into the

electrochemical environment and in an alkaline environ-
ment within the determined stability window (0.3—1.1 Vgyg
at pH 10) [25-27]. Furthermore, we studied particle size
effects [25, 28], electronic metal-support interactions (EMSIs)
[25, 27, 29], and investigated how these effects affect the
stability of the model electrocatalysts [26]. Specifically, we
showed that partially oxidized Pt°* is formed at the interface
between the NPs and the oxide support. For larger Pt NPs
in the nm-size range, metallic Pt° is the dominating species
and the Pt’* species are located at the metal-support inter-
face only. In sharp contrast, ultrasmall particles of 1 nm and
below show a very different electronic structure, i.e. they com-
prise of Pt°* species only. Interestingly, the Pt°* can stabil-
ize particles against sintering and dissolution [26, 27, 30], and
opens new reaction pathways for the CO oxidation by activa-
tion of oxygen from the support [26, 29].

While we only investigated the CO oxidation on
Pt/Co304(111) in previous studies, here we focus on a more
complex reaction, i.e. the 2-propanol electrooxidation. We pre-
pared Pt particles of different size, characterized the samples
by scanning tunneling microscopy (STM) and studied the 2-
propanol oxidation by ex-situ emersion synchrotron radiation
photoelectron spectroscopy (SR-PES) and electrochemical
infrared (IR) reflection absorption spectroscopy (EC-IRRAS).
We demonstrate that Pt/Co30y4 catalysts can be highly active
and selective for the electrooxidation of 2-propanol. However,
the Pt particle size strongly affects the activity of the catalyst.

2. Methods

2.1. Sample preparation

The Co304(111) and Pt/Co304(111) samples employed in
EC-IRRAS experiments were prepared and characterized
in an UHV chamber at the Friedrich-Alexander-Universitit
Erlangen-Niirnberg, Germany. The setup was equipped with a
dedicated transfer system enabling the transfer of the sample
from UHV into the electrochemical environment without
exposure to ambient conditions. For a detailed description of
the setup we refer to the literature [31]. Briefly, the system
comprises a low energy electron diffraction (LEED) optics,
a quartz crystal microbalance (QCM), an ion gun, electron
beam evaporators, a gas dosing system, and a transfer stage.
Co304(111) and Pt/Co304(111) samples for STM characteriz-
ation were prepared and characterized in a similarly equipped
UHYV setup at Charles University in Prague (CUP) containing,
in addition, a laboratory x-ray photoelectron spectrometer and
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a homemade STM. The samples used for SR-PES were pre-
pared and analyzed at the Materials Science Beamline (MSB)
of the Elettra Synchrotron in Trieste, Italy.

2.1.1. Preparation of Coz04(111) and Pt/Co304(111).  Well-
ordered Co304(111) films were prepared on the Ir(100) sub-
strate following the procedure described by Heinz, Hammer
and coworkers [32, 33]. We slightly adapted the procedure
to different UHV preparation systems. The following pro-
cedure describes the preparation of samples used for EC-
IRRAS measurements. The Ir(100) single crystal (MaTecK,
99.99%, depth of roughness <0.01 pm, accuracy of orienta-
tion <0.1°) was cleaned by several cycles of Ar™ sputtering
(Linde 6.0, 1 x 10~* mbar, 1.8 keV, 300 K), followed by
annealing in UHV (1073 K, 10 min) and in O, (Linde 5.0,
1 x 1078 mbar; 1073 K, 10 min). Afterwards, the sample
was flashed to 1073 K in UHV to form the Ir(100)-(5 x 1)
reconstruction. We flashed the sample to 873 K in O, atmo-
sphere (2 x 10~% mbar) and subsequently cooled it down to
room temperature in O, (2 x 10~% mbar). This procedure
yields the Ir(100)—(2 x 1)-O superstructure, as confirmed by
LEED. We prepared epitaxially grown Co304(111) films by
physical vapor deposition (PVD) of Co (Alfa Aesar, 99.95%)
onto the Ir(100)—(2 x 1)-O surface in O, (8 x 10~° mbar) at
300 K. The Co deposition rate was calibrated by a QCM. In
this study, we prepared Co3zO4(111) films with a thickness of
6 nm. After deposition, the sample was subsequently annealed
in5 x 1077 mbar O, (523 K, 3 min), in 5 x 10~8 mbar O,
(698 K, 7 min), and finally in UHV (698 K, 3 min). Formation
of well-ordered Co3z04(111) films was confirmed by LEED.

Pt NPs were deposited by PVD from a platinum rod (Alfa
Aesar, 99.99%) on the Co304(111) film in UHV at 300 K. The
Pt deposition rate was calibrated by a QCM. The deposition
time was adjusted to yield the desired nominal Pt thickness. In
this work, we prepared two Pt NPs samples with nominal Pt
thicknesses of 1.36 and 0.34 monolayers (ML), corresponding
to a Pt atom density of 2 x 10" and 5 x 10'* cm~2, respect-
ively. This yields Pt aggregates with an average size of 2.3
and 1.1 nm, respectively (see previous publications [26, 28]
for details). Two oxide samples with equal nominal Pt thick-
ness of 1.4 ML were prepared at the MSB, Elettra Synchro-
tron in Trieste, Italy. The samples with a nominal Pt thickness
of 2.0 and 0.13 ML were prepared at Charles University in
Prague.

2.1.2. Preparation of Pt(111) single crystal. ~ A Pt(111) single
crystal with a surface area of 78.5 mm? (MaTecK, 99.999%,
depth of roughness <0.01 pm, accuracy of orientation <0.4°)
was used for in-situ EC-IRRAS measurements. Before each
measurement, the Pt(111) single crystal was annealed for
2 min in the flame of a Bunsen burner and cooled down to
room temperature in an atmosphere of Ar (Linde, 6.0) and
H, (Linde, 5.0) with a volume ratio of ~3:1. Subsequently,
the Pt(111) single crystal was transferred to the IR measuring
cell protected by a droplet of degassed ultrapure water (MilliQ
Synergy UV, 18.2 M) cm at 25 °C, TOC < 5 ppm).

2.2. Cleaning procedure for the electrochemical equipment

All glass and Teflon equipment as well as all metal wires
were cleaned thoroughly to avoid carbonaceous contamina-
tions. All equipment was stored in a solution of NOCHRO-
MIX (Sigma-Aldrich) and sulfuric acid (Merck, EMSURE,
98%) overnight. Before the experiments, all equipment was
rinsed with ultrapure water 5 times and boiled in ultrapure
water 3 times. We annealed all metal wires used as electrodes
in the flame of a Bunsen burner and, subsequently, rinsed them
with ultrapure water.

2.3. EC-IRRAS measurements

EC-IRRAS measurements were performed using a Fourier
transform IR spectrometer with evacuated optics (Bruker Ver-
tex 80v), which is equipped with a dedicated IR setup for
electrochemical measurements (Bruker) and a liquid nitro-
gen cooled mercury cadmium telluride detector. We used a
home-built Teflon electrochemical cell with a CaF, hemi-
sphere (Korth, diameter 25 mm) as IR transparent window
material. All spectra were acquired under potential control
using a commercial potentiostat (Gamry Reference 600). For
a detailed description of the setup, we refer to the literat-
ure [31]. We used a gold wire (MaTecK, 99.9%) as counter
electrode (CE) and a commercial Ag/AgCl (ALS, 3 M NaC(l,
0.195 Vnpe) electrode as reference electrode (RE). We separ-
ated the RE from the measuring cell using a stopcock, which
serves as a salt-bridge. The background spectra were recor-
ded at 0.3 Vryg, and the potential was subsequently increased
to 1.1 Vryge with potential steps of 0.1 V. At each potential
step, we acquired IR spectra with a resolution of 2 cm~! and
an acquisition time of 57 s (128 scans) per spectrum. Ref-
erence spectra of 2-propanol and acetone were recorded in
attenuated total reflection (ATR) geometry using a germanium
hemisphere as ATR window.

We used a solution of 0.5 M phosphate buffer as electro-
lyte, which we prepared from 0.5 M Na,HPO4 (Merck, Supra-
pur 99.99%) and 0.5 M NaOH (Sigma Aldrich, 99.99%). The
buffer was adjusted to pH 10 using a commercial pH meter
(ST Analytics, Lab 870) equipped with a commercial pH elec-
trode (SI Analytics BlueLine 14). To study the oxidation of 2-
propanol we prepared a solution of 0.2 M 2-propanol (Sigma
Aldrich, 99.999%) in the supporting electrolyte. All solutions
were degassed with Ar (Linde, 6.0) for at least 20 min before
measurements.

After preparation, the as-prepared samples were transferred
out of the UHV chamber into ultrapure water without contact
to ambient conditions. Subsequently, the samples were trans-
ferred into the EC-IRRAS cell while we protected the surface
of the sample with a droplet of ultrapure water. For a more
detailed description of the transfer procedure we refer to our
previous publications [25, 34].

2.4. SR-PES measurements

SR-PES and resonant photoemission spectroscopy (RPES)
experiments were performed at the MSB, Elettra synchrotron
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light facility in Trieste, Italy. The MSB with a bending
magnet source provided synchrotron light in the energy
range of 21-1000 eV. The UHV end-station (base pressure
2 x 107'° mbar) was equipped with an electron energy ana-
lyzer (Specs Phoibos 150), a rear view LEED optics, a sputter
gun (Ar™"), and a gas inlet system. Two electron-beam evapor-
ators for the deposition of Co and Pt metals were installed.

A specially designed electrochemical cell was connec-
ted to the analysis chamber via a buffer chamber and a
load lock system. The setup allowed a sample transfer
between the electrochemical cell and the analysis chamber
without exposure to air. A detailed description of the elec-
trochemical setup can be found in our previous publication
[26] and in the supporting information (available online at
stacks.iop.org/JPD/54/164002/mmedia). We used a gold wire
(Hauner, 99.99%) as CE, a commercial Ag/AgCl electrode
(ALS, 3 M NaCl, 0.195 Vnug) as RE, and the sample as a
working electrode. The sample was immersed into the electro-
lyte for 3 min at constant potentials between 0.5 and 1.5 Vgyg.
The electrochemical treatment and sample transfer were car-
ried out under an Ar atmosphere (SIAD 99.999%). Follow-
ing the electrochemical treatment, the sample was thoroughly
rinsed with ultrapure water and transferred into the analysis
chamber (see Supporting Information for details). The corres-
ponding procedure was applied to the electrochemical treat-
ment of two 1.4 ML Pt/Co304(111) model catalysts in pure
electrolyte (0.1 M K,HPO, + KOH, pH 10) and in 2-propanol
solution (0.2 M 2-propanol in 0.1 M K,HPO, + KOH, pH 10).

Core level spectra were acquired with photon energies of
180 eV (Pt 4f, Ir 4f), 380 eV (C 1 s), 650 eV (O 1 s), and
930 eV (Co 2p, Ir 4f). The binding energies in the spectra were
calibrated with respect to the Fermi level. All spectra were
acquired at constant pass energy and at an emission angle of
the photoelectrons of 0° with respect to the sample normal.
The total spectral resolution was 200 meV (hv = 180 eV),
360 meV (hv = 380 eV), 650 meV (hy = 650 eV), and 1 eV
(hv = 930 eV). All SR-PES data were processed using the
KolIXPD fitting software [35]. The spectral components in the
Pt 4f spectra were fitted with an asymmetric Doniach-Sunjié
function convoluted with a Gaussian profile after subtraction
of a Shirley background. The Co?*/Co?* concentration ratios
in the Co304(111) supports were determined by means of the
RPES method. Briefly, the method is based on evaluation of
the resonant intensities of the valence band features associ-
ated with the Co** and Co?* cations. The Resonant Enhance-
ment Ratio is proportional to the Co**/Co’>* concentration
ratio [36].

3. Results and discussion

An overview of the electrocatalysts investigated in this work is
given in figure 1. We used a Pt(111) single crystal (figure 1(a))
as a reference system for 2-propanol electrooxidation under
conditions identical to those described below for the oxide-
based samples. The Pt(111) electrode was prepared by flame
annealing and subsequent cooling in reducing atmosphere

[37]. This procedure yields large and well-ordered terraces.
All oxide-based samples were prepared by PVD in UHV. In
the first step, we analyzed the morphology of the samples by
STM. The as-prepared CozO4(111) film (figure 1(b)) consists
of flat islands with a diameter between 20 and 60 nm. The sur-
face structure of the Co3O4(111) film was determined previ-
ously [38, 39]. The film is terminated by Co®>* ions arranged in
a hexagonal unit cell with a Co?>T—Co>* ion distance of 5.7 A.
The surface is highly ordered and has a low density of defects
(vacancies in the surface layer <1%; adatoms 3%—4%).

PVD of Pt leads to the formation of highly dispersed Pt
particles with a relatively narrow size distribution. Particle
sizes were estimated based on the particle density obtained
from STM and the nominal Pt coverage under the assump-
tion of a hemispherical particle shape. Figure 1(c) shows STM
images for a nominal Pt coverage equivalent to 2.0 ML. From
the estimated particle density of 1 x 10'* cm™2, we calculate
an average number of 280 Pt atoms per particle. Assuming
a hemispherical shape of the particles, we calculate an aver-
age particle size of ~2.5 nm in diameter (see figure 1(c)). In
the following, we will refer to larger particles with an aver-
age size of a few nm as ‘conventional NPs’. In figure 1(d)
we show an STM image at lower Pt loading. The nominal Pt
coverage is equivalent to 0.13 ML Pt (see figure 1(d)). The
particle density is estimated to be 3.8 x 10'* cm™2. From
these numbers, we calculate an average of 5—6 Pt atoms per
aggregate. Formally, the calculation of a particle size using the
above approach would yield an average diameter of 0.66 nm.
In a more microscopic picture, the Pt particles are very small
two-dimensional aggregates, in which nearly all Pt atoms are
in contact with the Co3zQOy4 support. In the following, we will
denote aggregates with a formal size around 1 nm and below as
‘ultrasmall particles’. For our studies on the 2-propanol oxid-
ation we prepared both types of model systems, conventional
and ultra-small particles, in UHV and transferred the samples
into the electrochemical environment without prior exposure
to ambient atmosphere.

3.1 Electrooxidation of 2-propanol on Pt(111)

In figure 2(a) we display the ATR spectra of 2-propanol and
acetone in the spectral region between 1100 and 2500 cm ™.
The spectra are in good agreement with our previous pub-
lication [15]. For 2-propanol, the main bands observed are
the bending mode of the CH3 group dasym(CH3)/65ym(CH3)
at 1467 cm™!, the v/6(C-H) stretching/bending mode at
1340 cm™!, the 6(O-H) bending mode at 1308 cm™!, the
v(C-0) stretching mode at 1128 cm™!, and the v(C-C)
stretching modes at 1379, 1368, and 1160 cm L. For acetone,
the sharp band at 1711 cm™! is attributed to the CO stretch-
ing mode v(C=0). The broad bands at 1436 and 1420 cm™!
are attributed to the bending modes of the CHj3 group §(CH3).
Bands observed at 1358 and 1220 cm™! are assigned to the
bending mode of the CH; group 6sym(CH3) and the stretching
mode V,ym(C-C), respectively [15].

As a reference system, we investigated the electrooxida-
tion of 2-propanol on Pt(111) at pH 10 using EC-IRRAS.
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Pt(111)-Flame annealed

. PSS

Conventional Pt NPsI
Co,0,(111)/Ir(100)-UHV

Ultrasmall Pt NPs/
C0,0,(111)/1r(100)-UHV

Transfer

Electrolyte
pH 10

Figure 1. (a)-(d) Overview of the electrocatalysts used in this work: (a) STM image of Pt(111); (b) STM image of a well-ordered
Co304(111) film; (c) STM image of conventional Pt NPs on Co304(111); (d) STM image of ultrasmall Pt NPs on Co304(111);
(e) schematic representation: transfer of the samples prepared in UHV to electrolyte.

A solution of 0.2 M 2-propanol in 0.5 M phosphate buf-
fer was used in all EC-IRRAS measurements. The result-
ing IR spectra are displayed as a function of the electrode
potential in p-polarization (see figures 2(b) and (c)) and in s-
polarization (see figures 2(d) and (e)). All IR spectra are differ-
ence spectra with respect to a reference spectrum recorded at
0.3 Vrye. Subsequently, the potential was increased in steps

of 100 mV from 0.3 to 1.1 Vrgg. In p-polarization, positive
bands (pointing upwards) appear at 1467, 1408, 1306, 1166,
and 1127 cm~'. These band positions are in good agreement
with our reference spectrum of pure 2-propanol. Small devi-
ations are attributed to solvent effects. Simultaneously, neg-
ative bands arise at 1701, 1370, and 1240 cm~! which are
associated with product acetone. Note that in the difference
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Figure 2. Potential-dependent EC-IRRAS spectra obtained during electrooxidation of 2-propanol on Pt(111) at pH 10 (0.2 M 2-propanol in
0.5 M phosphate buffer); (a) ATR IR spectra of pure 2-propanol (blue) and acetone (orange), (b)—(c) IR difference spectra in p-polarization,
(d)—(e) IR difference spectra in s-polarization. The reference spectra were acquired at 0.3 VRgE.

spectra positive bands correspond to species which are con-
sumed, whereas negative bands correspond to species which
are formed. Therefore, the bands observed indicate the con-
version of 2-propanol to acetone. The onset potential for the
2-propanol electrooxidation to acetone is determined to be
lower than 0.4 Vryg. This onset potential is in agreement with
voltammetric data of the 2-propanol oxidation on Pt electrodes
in alkaline environment [40]. Additionally, a weak band at
2343 cm™! appears at 0.8 Vryg and above. This band is attrib-
uted to CO; in solution formed as a byproduct [16]. Note that

in an alkaline environment we expect the formation of carbon-
ate. The formation of CO, bands clearly indicates that there
is a pH drop in the thin layer when higher amounts of acet-
one are formed. Such pH drops are a well-known limitation
of EC-IRRAS for reactions which form protons [28] e.g. the
2-propanol oxidation. Note that the pH is almost unaffected
at low potentials due to low conversion of 2-propanol to acet-
one. Still, we minimized the pH drop by using a buffer con-
centration, which is close to saturation of sodium phosphate.
No CO is observed during the 2-propanol electrooxidation,
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environment [15, 41]. al ATR Reference 1368 1116102§
In order to distinguish between the species adsorbed on O/“/ 1111(3)339;1.340 :
the electrode surface and the species dissolved in the solu- :
tion, IR spectra were acquired in s-polarization as well (see 2-Propanol
figures 2(d) and (e)). Note that in EC-IRRAS on metallic sub-
. . . . Acetone
strates, vibrational bands of adsorbed species are observed in 1436
p-polarization only, whereas dissolved species in the electro- 1711 1420 1220
lyte are visible both in p- and in s-polarization due to the metal — |................. . 1888
surface selection rule [42, 43]. Indeed, we observe clear dif- b p-pol
ferences between the spectra in p- and s-polarization, which
are shown in detail in figures 2(c) and (e), respectively. Within
the spectral range, sharp negative v(C=Q0) bands associated
with acetone are observed in both p- and s-polarization, which 0.3V, RN
overlap with broad positive bands located at ~1660 cm™!. 04V /\/‘% ol
This broad band is attributed to the §(HOH) bending mode of 8'23 "
water. The intensities of the v(C=O0) bands in s-polarization 0.7V / \
are much weaker than the ones in p-polarization. Addition- g'gx A\
ally, the ¥(C=0) bands in s-polarization are red-shifted by 10V
6 cm™! in comparison to the #(C=0) bands in p-polarization. 11V
Both observations indicate that the formed acetone molecules
are partially adsorbed on the electrode surface. In acidic elec- AR/R=1%
trolyte, we demonstrated that formed acetone stays mainly
adsorbed on Pt surfaces. The adsorbed species partially block | .o e
the catalyst surface and limit the electrocatalytic activity € s-pol
[15]. We expect that the situation is similar in alkaline
environment.
L 04V
3.2. Electrooxidation of 2-propanol on a well-ordered 0.5V
C0304(111) fim 06V
0.7V
In the next step, we investigated the electrooxidation of 2- gg¥ k
propanol on Co304(111) at pH 10. EC-IRRAS measurements 10V
were performed following an experimental procedure identical 11V
to the one used for Pt(111). In previous studies, we invest-
igated the stability of Co304(111) films as a function of the AR/R=1%
electrode potential and pH [27, 34]. We demonstrated that
there is an electrochemical stability window at pH 10 between B S I I S o —
0.3 and 1.3 Vgygg in which there is no measurable dissol- 2400 2200 2000 1800 1600 1400 1200

ution or restructuring of the surface. Note that the exper-
imental conditions in the present study (phosphate buffer,
pH 10, 0.3-1.1 Vgyg) are all within this stability window.
The acquired IR difference spectra in p- and s-polarization
are displayed in figures 3(b) and (c), respectively. In strong
contrast to the results on Pt(111), for Coz04(111), we do
not detect any bands of 2-propanol and acetone both in p-
and in s-polarization. Only broad bands attributed to the
d(HOH) bending mode of water are observed in the spectral
range of 1800-1500 cm ™. This observation indicates that the
Co304(111) film is completely inactive towards electrochem-
ical oxidation of 2-propanol under the present electrochem-
ical conditions. 2-Propanol oxidation on Co3Q4 in alkaline
environment was previously studied by Sun et al using cyclic
voltammetry [44]. The authors found a very high onset poten-
tial of 1.4 Vryg [44] indicating a limiting, very high overpoten-
tial for the 2-propanol oxidation on Co3; O, which is consistent
with our observations.

Wavenumber cm™]

Figure 3. Potential-dependent EC-IRRAS spectra obtained during
electrooxidation of 2-propanol on well-ordered Co3zO4(111) film at
pH 10 (0.2 M 2-propanol in 0.5 M phosphate buffer); (a) ATR IR
spectra of pure 2-propanol (blue) and acetone (orange); (b) IR
difference spectra in p-polarization; (c) IR difference spectra in
s-polarization. The reference spectra were acquired at 0.3 VRug.

3.3. Ex-situ emersion SR-PES study of Pt particles supported
on Co304(111) fims in the absence and presence of
2-propanol

In the next step, we studied the 2-propanol oxidation on
Pt/Co304(111) model catalysts with conventional Pt particles.
We used ex-situ emersion SR-PES and RPES to investig-
ate the evolution of the oxidation states of supported Pt NPs
and of the Co304(111) support upon emersion from alkaline
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Figure 4. Pt 4f spectra (a)—(b) and Co**/Co™ ratios (c)—(d) obtained from the Pt/Co304(111)/Ir(100) model catalyst before and after an
immersion/emersion cycle from alkaline electrolyte (pH 10) without (a), (c) and with 0.2 M 2-propanol in solution (b), (d). The Pt 4f spectra

are normalized to unit area.

electrolyte in the absence and presence of 2-propanol in solu-
tion. Toward this aim, two well-defined Pt/Co304(111) model
catalysts were prepared with the same nominal Pt coverage and
treated under similar conditions. The Pt 4f spectra obtained

from the Pt/Co304(111) model catalysts after preparation and
after emersion from electrolytes with potentials between 0.5
and 1.5 Vgyg are shown in figures 4(a) and (b) for electro-
Iytes without and with 2-propanol present, respectively. The
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Figure 5. Potential-dependent EC-IRRAS spectra obtained during electrooxidation of 2-propanol on conventional Pt NPs at pH 10 (0.2 M
2-propanol in 0.5 M phosphate buffer); (a) ATR IR spectra of pure 2-propanol (blue) and acetone (orange); (b)—(c) IR difference spectra in
p-polarization; (d)—(e) IR difference spectra in s-polarization. The reference spectra were acquired at 0.3 VgyE.

corresponding Co3*/Co?* ratios are plotted in figures 4(c)
and (d). For a detailed description of the determination of
Co3*/Co?* ratio we refer to the literature [36].

Pt 4f spectra obtained from as-prepared Pt/Co3;O4(111)
model catalysts (top spectra) show doublet peaks at 71.0 eV
(4f5) and 72.3 eV (4f7;,), which result from metallic Pt°
and partially oxidized Pt’* species, respectively [25, 29, 30].
Here, the Ptot species result from the EMSI associated
with charge transfer at the Pt/Co304(111) interface [29, 30].
Accordingly, partial reduction of the Co3zO4(111) support

upon Pt deposition is reflected by a decrease of the Co+/Co?*
ratios on both samples (compare discrete data points in
figures 4(c) and (d)).

Following the emersion of the Pt/Co304(111) model cata-
lysts, we observed attenuation of the Pt 4f intensity on both
catalysts due to deposition of electrolyte residues and accu-
mulation of adventitious carbon upon emersion and trans-
fer. For a more detailed analysis, we normalized the integ-
rated Pt 4f spectra to unity. In general, we observed minor
changes in the Pt 4f spectra upon emersion at 0.5 Vgyg.
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Figure 6. Potential-dependent EC-IRRAS spectra obtained during
electrooxidation of 2-propanol on ultrasmall Pt NPs at pH 10 (0.2 M
2-propanol in 0.5 M phosphate buffer); (a) ATR IR spectra of pure
2-propanol (blue) and acetone (orange); (b) IR difference spectra in
p-polarization; (c) IR difference spectra in s-polarization. The
reference spectra were acquired at 0.3 VRHuE.

The Pt°* contribution increased with respect to Pt°. It should
be noted, however, that the Pt°+ contribution overlaps with
the Pt?* signal from the PtO oxide which could be formed
upon immersion. The increase of the Pt*+/Pt>* contribution
is minor between 0.5 and 1.1 Vgyg. At 1.3 Vryg, however,
a strong increase of the Pt*/Pt>* contribution, accompan-
ied by the emergence of a new component at 73.8 eV asso-
ciated with Pt*t states, suggests oxidation of the supported
Pt NPs (see figure 4(a)). Primarily, we attribute the effect to

the formation of a surface oxide [26]. Upon increasing the
potential to 1.5 Vryg, the Pt® T/Pt>* and the Pt** contributions
increase with respect to Pt’. The same behavior was observed
earlier on Pt/Co304(111) [26].

Comparing the Pt 4f data obtained from the Pt/Co3;O4(111)
model catalysts in the presence and in the absence of 2-
propanol in solution, we observed that the spectra are very
similar in the potential range between 0.5 and 1.1 Vgrpgg. At
1.3 Vrug, however, we observed weaker oxidation of the sup-
ported Pt NPs in the presence of 2-propanol (see figure 4(b)).
At 1.5 Vgpg, strong oxidation occurred again even in the
presence of 2-propanol. Interestingly, we observed a gradual
increase of the Co’t/Co?* concentration ratio after immer-
sion into pure electrolyte between 0.5 and 1.5 Vgyg (see
figure 4(c)). This trend seems to be weaker in the presence of
2-propanol. In particular, the Co*+/Co?* concentration ratio
hardly changes between 0.5 and 1.3 Vrygg and increases only
at the potential step to 1.5 Vryg. These observations suggest
that the fast 2-propanol oxidation to some extent prevents the
oxidation of the Pt/Co304(111) catalysts.

3.4. Electrooxidation of 2-propanol on conventional Pt NPs

Next, we investigated the conventional Pt NPs supported on
Co0304(111) during electrooxidation of 2-propanol by EC-
IRRAS. Here, we applied the same procedures as previously
described for Pt(111) and Co304(111). The corresponding
spectra are shown in figure 5. In p-polarization, we observe
negative bands at 1700, 1370 and 1240 cm~!, which are asso-
ciated with the formation of acetone (see figures 5(b) and (c)).
At the same time, positive bands are observed at 1467, 1408,
1306, 1166 and 1127 cm~!, which are associated with the
consumption of 2-propanol. The band positions are in per-
fect agreement with those observed on Pt(111) and the band
intensities increase with increasing electrode potential. This
observation suggests that the conventional Pt NPs supported
on Co3Q4 are active towards the conversion of 2-propanol
to acetone under alkaline conditions. The onset potential of
2-propanol conversion is found to be 0.5 Vgryg, which is
~0.1 V higher than for the Pt(111) surface. Notably, no CO,
is observed during the whole process of 2-propanol electroox-
idation, indicating that the pH drop is small and the pH in
the thin layer remains in the alkaline region. Note, however,
that bands of carbonate (expected at 1366 and 1270 cm™')
[29] would overlap with the intense bands of 2-propanol and
acetone. Therefore, we cannot exclude the formation of small
amounts of carbonate. No adsorbed CO was detected, simil-
arly to what was observed on the Pt(111) surface. The dif-
ference spectra obtained in s-polarization are displayed in
figures 5(d) and (e). Direct comparison of spectra obtained in
p- and s-polarization shows distinct differences. As discussed
above, the negative #(C=0) bands overlap with the positive
d(HOH) bending mode of water. Still, we observe that the band
intensity in s-polarization is weaker compared to the band in p-
polarization and the band position is slightly shifted. These dif-
ferences indicate that the product acetone is partially adsorbed
on the Pt NPs surface, resulting in partial blocking of the active
sites.
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Figure 7. Comparison of the EC-IRRAS spectra obtained during electrooxidation of 2-propanol on different electrocatalysts at an electrode
potential of 1.1 Vryg in p-polarization. The reference spectra were acquired at 0.3 Vryg.

3.5. Electrooxidation of 2-propanol on ultrasmall Pt NPs

In order to investigate the size effect on the activity of Pt NPs,
we performed EC-IRRAS measurements during 2-propanol
electrooxidation on ultrasmall Pt particles. The correspond-
ing IR spectra are shown in figure 6 as a function of elec-
trode potential. In contrast to the intense bands observed for
the conventional NPs, only weak features are observed for the
ultrasmall Pt NPs. The positive band at 1467 cm~! is attrib-
uted to the du5ym(CH3)/d5ym(CH3) vibrations of consumed 2-
propanol, the negative bands at 1370 and 1240 cm~! are attrib-
uted to the dsym (CH3)/Vasym(C—C) and Vyym(C—C) vibrations
of acetone. The most intense band of acetone, which is associ-
ated with v(C=0), overlaps with the 6(HOH) bending mode
of water between 1800 and 1600 cm~! (see spectra of the
pristine Co3zO4(111) film in figure 3). Therefore, this band
could not be observed. The low intensity of the bands indic-
ates that only minor amounts of acetone are formed and the
activity of Pt/Co304(111) is low. In our previous study, the
oxidation states of Pt NPs were investigated as a function of
particle size [26]. We showed that in contrast to the conven-
tional Pt NPs, the ultrasmall Pt NPs mainly consist of par-
tially oxidized Pt°+ species with small fractions of Pt** and
Pt” present only. We conclude that the oxidized Pt species
is largely inactive towards 2-propanol oxidation. The small

residual activity observed for Pt/Co3;O04(111) is attributed to
the presence of small amounts of metallic Pt.

A direct comparison of the EC-IRRAS spectra from
Pt(111), Co304(111) film, conventional Pt NPs, and ultrasmall
Pt NPs is provided in figure 7. All spectra were obtained
at 1.1 Vgyg in 2-propanol solution (0.2 M 2-propanol in
0.5 M phosphate buffer at pH 10) with p-polarized IR light.
For the Pt(111) reference, we observe intense bands below
1800 cm™! associated with 2-propanol and acetone. An addi-
tional small band at 2343 cm~! is attributed to CO, in solu-
tion. The observed bands indicate that Pt(111) is highly act-
ive for conversion of 2-propanol to acetone (the large con-
centration of protons released during the reaction even shifts
the pH in the thin layer of electrolyte into the acidic region).
For the Co304(111) film, we do not observe bands of 2-
propanol and acetone, indicating that this system is completely
inactive under the present electrochemical conditions. In con-
trast, strong bands of 2-propanol and acetone are observed for
the model electrocatalyst comprised of conventional Pt NPs
on Co304(111). The band positions are in excellent agree-
ment with those observed on Pt(111). Notably, no CO; is
detected in this system, indicating that the buffer concentra-
tion is sufficient to stabilize the pH in the alkaline region.
For ultrasmall Pt NPs supported on Co3z04(111), only weak
bands are detected. All active electrocatalysts studied oxidize
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2-propanol to acetone with high selectivity and no CO was
formed on any of these catalysts.

Our findings show that there is a pronounced size effect
of the oxide supported Pt particles with a strongly decreased
activity of small Pt aggregates. We attribute the low residual
activity to a small fraction of active Pt° species, while the
majority of Pt is present as inactive Pt®*. In previous work
we demonstrated, however, that the EMSI can be beneficial to
stabilize the Pt NPs against sintering [30]. Thus the Pt’* spe-
cies may help to maintain a high activity of electrocatalysts
at higher Pt loading in spite of the fact that the Pt’*+ species
themselves are not active. Consequently, we expect a rather
complex size dependent effect of the EMSI on activity. While
the stability and, thereby, also the activity of Pt particles in
the nanometer range may be enhanced by EMSI, the activity
decreases rapidly when going to ultrasmall Pt particles which
are easily oxidized.

4. Conclusion

We have investigated the electrooxidation of 2-propanol on
atomically defined Pt/Co3;04 model electrocatalysts with dif-
ferent Pt particle sizes in an alkaline environment (phosphate
buffer, pH 10). The model catalysts were prepared in UHV and
their structure and morphology were characterized by STM.
Freshly prepared model electrocatalysts were transferred into
the electrochemical environment without exposure to ambient
atmosphere. The 2-propanol oxidation was studied by means
of EC-IRRAS and SR-PES. Additionally, we performed ref-
erence experiments under identical conditions on Pt(111) and
pristine Co3z04(111). From our findings, we conclude the
following:

(a) Activity of Pt(111) single crystals and plain Co304(111):
2-Propanol is oxidized on Pt(111) in alkaline media (pH
10, phosphate buffer) to acetone with high selectivity.
The onset potential of the reaction is below 0.4 Vgyg.
The product acetone is partially adsorbed on the electrode
surface poisoning the electrocatalyst. No adsorbed CO is
formed during the reaction. In sharp contrast, Co3O4(111)
is inactive towards 2-propanol oxidation between 0.3 and
1.1 VRuE.

(b) Characterization of conventional Pt NPs on Co304(111)
in the electrochemical environment: Conventional Pt NPs
on Co304(111) consist of metallic Pt° and partially oxid-
ized Pt°* species located at the metal-support interface
both after preparation (UHV) as well as between 0.5 and
1.1 Vrye. Surface Pt oxide species (Pt>* and Pt*T) are
formed above 1.1 Vgryg. In general, the presence of 2-
propanol has little effect on the oxidation state of Pt but
can slightly attenuate Pt oxidation during the electrocata-
lytic reaction.

(c) 2-Propanol oxidation with conventional NPs on
Co304(111): Conventional NPs on Co304(111), for which
metallic Pt° is the dominating species, are highly act-
ive towards 2-propanol oxidation under alkaline condi-
tions (pH 10, phosphate buffer). The onset potential is

~0.5 Vgryg. Acetone is formed with high selectivity and
no CO was detected as byproduct. Similarly to Pt(111),
acetone partially adsorbs on the Pt NPs and leads to partial
blocking of the active sites.

(d) 2-Propanol oxidation with ultrasmall particles on
Co0304(111): Ultrasmall particles, which consist mainly
of partially oxidized Pt°*, have a very low activity for the
2-propanol oxidation. We attribute a low residual activity
of the ultrasmall particles to traces of Pt® that are still
present on the surface.

Our results demonstrate that Pt/Co3;O4(111) is a highly
active and stable electrocatalyst for selective oxidation of 2-
propanol. However, there is an intricate interplay between
particle size effects and EMSI. While the EMSI is beneficial
for the stability of the Pt NPs, the electronically modified Pt® *
species do not show catalytic activity.
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