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ABSTRACT
Usually, nanoparticles synthesis methodologies require the use of organic

molecules (capping agent, solvent molecules, etc) which results in carbon deposits on
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the nanoparticles surface. These residues modify the surface properties mainly affecting
to the catalytic behavior. In this work, unsupported poly(vinylpyrrolidone) (PVP)-
stabilized PtCu (1:3 molar ratio) bimetallic alloy nanoparticles were synthetized and
characterized. An alternative surface cleaning method has been designed which
successfully removes the presence of organic fragments. To address this key issue, we
have combined a first nanoparticles washing step with a near ambient pressure X-ray
photoelectron spectroscopy (NAPXPS) study in order to obtain a clean active site and
the total understanding of the carbon elimination mechanism. The dynamic evolution of
the surface organic species composition under different gas mixtures at 750 mTorr and
350 °C has been studied, and only under CO, exposure, NAPXPS analysis revealed a

total availability of the active site by the removal of the organic nanoparticle coating.
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1. INTRODUCTION

Many industrial catalysts are typically formed by highly dispersed metal species
on an inert support. In general, these nanoparticles present irregular shapes and a
relatively wide particle size distribution. As catalytic processes occur at the nanoparticle
surfaces, their size and shape strongly influence the catalytic activity since the number
and nature of undercoordinated atoms clearly depends on these parameters. Moreover,
the geometrical and electronic structure of surfaces determines the interaction of
adsorbates with the catalyst surface.

Metallic nanoparticles (NPs) are usually synthesized from salts solutions
containing the metal of interest [1-4]. Roucoux et al.[5] provided a comprehensive review
on synthetic methods of colloidal nanoparticles. Most methods consider the use of strong
reducing agents and capping ligands and/or structuring molecules for stabilizing the

colloids. However, adsorbed capping agents, structuring molecules and/or the reducing



agents and their oxidized counterparts, although seldom studied, may modify the
nanoparticle surface sites thus affecting their catalytic [6].

Baker et al.[7] studied PVP and oleic acid (OA) capped Pt NPs. These authors
found that the presence of the capping agent does not inhibit the catalytic process in the
hydrogenation of ethylene or the oxidation of methanol but the clean surfaces are only
active in the hydrogenation of ethylene. On the other hand, Park et al.[8] found by
partially removing the capping layer that the catalytic activity increases but the activation
energy remains unaltered pointing to a platinum surface site blocked by the capping
molecules or carbonaceous rests on the nanoparticles surface. Moreover, they showed
that the nature of the capping molecule affects the catalytic activity for CO oxidation while
keeping constant the activation energy, which again points to a blocking phenomenon.
UV-ozone cleaning is attempted by these authors to elucidate the role of the adsorbed
overlayers. This treatment results in the oxidation of the Pt surface that raises some
guestions on the effect of oxidized sites on the catalytic activity for CO oxidation. In
addition, the blocking phenomenon may favor the catalyst performances as reported for
benzyl alcohol oxidation in the presence of PVA (poly(1-acetyloxiethene) due to the
preferential blocking of Pd(111) sites [9].

The removal of the overlayers generated during the nanopatrticles synthesis
procedure is not an easy task. Lopez-Sanchez et al.[10] stressed the difficulty in
removing capping agents that they claim can only be completely removed using oxidative
treatments. These authors state the significant conversion decrease on the catalytic
activity of PVA-stabilized Au/TiO, catalysts for CO oxidation. Therefore, strongly
adsorbed capping agents may block the access of reactant molecules to the
nanoparticles surface lowering their activity. Zhong et al.[1] proposed an ultraviolet-
ozone (UVO) treatment to remove the residues that ensures the elimination of the
stabilizer and their carboxylate-derived oxidation products after prolonged periods of
time (> 12 h). However, for some reactions the presence of PVP residues seems to

improve the catalytic behavior of Au nanopatrticles.



Although some authors argue that the capping agent can be successfully
removed without oxidative treatments, the presence of vibrational modes associated to
the capping agent in Raman and FTIR spectra of the nanopatrticles surface after their
cleaning procedure raises serious doubts on the effectiveness of their removing
process[11]. However, a new question may be raised at this point: may the presence of
carbon overlayers on the surface of the nanoparticles tailor their catalytic properties?

The role of carbon fragments on the catalytic activity of alumina supported Pt or
PtCu bimetallic catalysts has also been evidenced in the preferential oxidation of CO
(CO-PROX reaction). [12]. The decomposition of acetate ions, added to favor Pt
dispersion, results in the formation of carbon overlayers that modulate the catalyst
activity and selectivity. The activation atmosphere of the PtCu catalysts strongly
influences its catalytic activity. Various possibilities are envisaged by Romero-Sarria et
al.[12] for explaining this observation; different atmospheres result in different carbon
coverages or second, the activation atmosphere results in a different surface
composition of the metal, or a combination of both. By operando IR-MS spectroscopy
the influence of the presence of surface CH species as a function of the activation
treatments is evidenced. The shift observed for the linear form of adsorbed CO on
platinum indicates that these surface species alter the surface electron density of the
metallic sites and hence the catalytic activity.

However, systematic studies on the effects of possible coatings resulting from the
synthesis process are not always considered. For instance, M. Cargnello et al. [13] show
how a fast thermal treatment can remove ligands without modifying structure and
composition of supported nanocrystals. Also, Alayoglu et al.[14] synthesized Ru@Pt
core-shell and RuPt NPs for testing the effect of alloying in the preferential oxidation of
CO. These authors used the polyol method for reducing the Ru(acac)s precursor in
presence of PVP. The obtained particles are further coated with PtCl,, which results in
core-shell nanoparticles. They employed the same method for the synthesis of bimetallic

PtRu nanoparticles but using [Ru(CO)s:Cl.]. and Pt(acac),. The nanoparticles were



activated in Hy at 200°C prior to the PrOx reaction. Although a final heating step at 500°C
for the bimetallic catalyst is considered, in general, the activation treatment based on
oxidation, H.-reduction and/or activations in the reaction atmosphere to eliminate the
hydrocarbon molecules may modify the surface of the synthesized nanoparticles by
changing their composition. In this sense, Zhan et al.[15] synthesize AuCu NPs and use
the oxophilicity of copper for generating a structured Au/CuOy catalyst since Cu
selectively segregates to the surface under oxygen atmosphere, a technology, on the
other hand, early discovered by prehispanic cultures in South America[16].

In this sense, PtCu based catalysts are one of the most studied systems for CO-
PROX reaction because their high activity/selectivity balance and their good
performance in a wide temperature range[17,18]. However, the catalyst structure and
surface composition remains unclear. In a previous study[12], we have shown a strong
dependence of the activation temperature, the nature of the conditioning atmosphere
and the heating rate during the activation on the CO conversion. The best catalysts were
obtained when conditioning the catalysts in the Water-Gas Shift reaction (WGS)
surrogate outgas flow at low temperatures using moderate rates for heating to the
maximum activation temperature. Two main hypotheses were raised on analyzing these
data: the existence of complex redox processes occurring during the activation that result
in adsorbed carbonaceous species with their coverage depending on the activation
procedure, and/or the surface restructuring that results in differences in composition as
a function of the activation parameters[12].

To understand the role of Pt and Cu in this reaction, well-defined PtCu model
nanoparticles are synthesized and the nature of the resulting surface composition is
studied by NAPXPS as a function of different components of the surrogate reforming

gas.



2. EXPERIMENTAL
2.1. Synthesis of PtCus NPs.

Taylor et al.[2] developed a synthesis procedure to obtain PtsCu nanodendrites.
This method is based in a two-step reduction process that uses a slow kinetic reduction
in the first step followed by a fast reduction employing ascorbic acid. However, this
synthesis procedure is unable to synthesize PtCu or PtCus nanoparticles. A maodification
of this procedure allows the control of size and composition of PtCus nanoparticles.
Briefly, 25 mL of ethylene glycol (99% for synthesis) (EG) were heated at 110 °C for 1h.
Then, 4 mL of H2PtCls-xH>0O and 12 mL of CuCl,- 2H,0, as precursors, and 8 mL of PVP
(Mw=55000), as capping agent, (1:1:1 molar ratio) were simultaneously added. In all
cases, ethylene glycol was used as solvent. The mixture was held at 110 °C for 2 hours.
At this point, a NaBH4 (3M) solution was added dropwise under vigorous stirring and the
mixture was kept for 15 minutes. The product was subsequently washed with acetone

allowing the nanoparticle precipitation. The resulting solid was dried at 80 °C overnight.

2.2. Characterization.

To get information on the structure and compaosition of the obtained nanoparticles, X-ray
diffraction (XRD) was performed on a high-temperature Philips X’Pert Pro diffractometer.
Diffraction patterns were recorded using Cu Ka radiation (40 mA, 45 kV) over 20 range
of 5°- 90 °and a position-sensitive detector using 0.05 °step size and 1200 s step time.
XRD data were acquired at room temperature, 220 °C and 350 °C. The temperature
heating rate was 10 °C/min. International Centre for Diffraction Data (ICDD) was used
as XRD database.

The nanoparticles morphology and size were studied by high-resolution transmission
electronic microscopy (HRTEM) by averaging over 200 particles on a 200kV JEOL JEM-
2010F instrument with a structural resolution of 0.19 nm at Scherzer defocus conditions.

To avoid the carbon contribution, samples were deposited directly onto Ni grids.



Ultraviolet-visible spectroscopy (UV-VIS) was carried out in an Avantes AvalLight-DH-S-
BAL spectrophotometer equipped with an optic fiber liquid sensor for wavelengths from
100 to 1000 nm.

Near ambient pressure X-Ray photoelectron spectroscopy (NAPXPS) experiments have
been performed at the NAPP instrument installed at the CIRCE beamline from the ALBA
Synchrotron Light Source (Barcelona, Spain)[19]. N1APXPS measurements were
carried out using a PHOIBOS 150 NAP SPECS analyzer equipped with four differentially
pumped stages. The beam spot size at sample was approximately 100 x 125 ym? (HxV).
The spectra were acquired with 20 eV of pass energy and 0.05 eV kinetic energy step.
The work pressure was 750 mTorr for all the different gas atmospheres used. The kinetic
energy for all the measured photoelectrons was around 170 eV and the energies were
referred to the Fermi level. For the estimation of IMFP (Inelastic mean free path) , we
employed the TPP-2M formula proposed by Tanuma et al.[20] considering a closed
PtCus alloy (density of 12.08 g/cm® and 43 valence electrons per molecule).
Consequently, the IMFP for the photon energies employed is around 0.45 nm. The
composition of the gas mixture dosed into the analysis chamber was defined by Mass

Flow Controller.

3. RESULTS AND DISCUSSION

3.1. Nanoparticles structure

XRD pattern of the synthesized nanoparticles showed diffraction peaks corresponding
to a Pt-Cu bimetallic alloy with a face-centered cubic (fcc) structure and a composition
close to the targeted 1:3 Pt:Cu atomic ratio [21] (see supplementary data). Considering
this structure and the observed diffractions lines, the calculated lattice parameter for the
obtained Pt-Cu alloy is 3.721A, slightly larger than the one reported for the PtCus
intermetallic compound (3.702A) (JCPDS #00-035-1358).

Assuming a disordered fcc lattice for the Pt-Cu alloy, an estimation of the atomic

composition using Vegard’s law results in a 33:66 Pt:Cu atomic ratio. However, the



binary Pt-Cu phase diagram is quite complex in this compositional range and at the same
time the two step reduction process may result in a “nano-onion” type structure resulting
in a well-defined core structure and a surface layer of smaller thickness[5]. Therefore, a
core particle with a composition slightly departing from the desired one surrounded by a
Cu-rich outer layer may be assumed.

For avoiding agglomerates, which prevent the morphological study of the
nanoparticles, PtCus nanoparticles were supported on a-Al,Os. The high crystallinity
degree of the support and the extremely low specific surface (around 8 m?/g) facilitate
the morphological study by HRTEM. Micrographs reveal a monomodal sharp size
distribution of nanoparticles with an almost circular projection, which allows estimating

an average diameter of 2.7 + 0.6 nm (Figure S2, supporting information).

3.2. Surface Cleaning Method Development.

The obtained nanoparticles may have capping agents/carbonaceous residues
and other trace elements from the reducing agents on their surface. High Angle Annular
Darkfield Scanning Transmission Electron Microscopy (HAADF-STEM) mode, which
allows the study of metallic nanoparticles supported in low-Z atoms (Figure 1) was
applied. At the same time, EDS analysis was carried out. The analysis reveals an
homogenous distribution of platinum and copper on the support as well as the presence
of carbon deposits associated to the PtCu metallic phase.

Therefore, a careful study of the presence of these overlayers and the procedures
to remove them trying to avoid any alteration of the nanoparticle size and shape was
carried out. First at all, thermal desorption experiments were considered, since they allow

to detect the presence of these capping/solvent molecules on the nanoparticle surface.



Figure 1. HAADF-STEM image of PtCusz nanoparticles supported on @ —Al,O3 and elemental

map of each single element.

The decomposition of PVP (capping molecules) is catalyzed by Pt that reduces
its decomposition temperature[22] down to 350 °C; moreover, in the presence of Pt, the
PVP degradation accounts just for ca. 69% weight loss while pure PVP decomposes
almost completely (>95% weight loss referred to the initial PVP mass). Although the main
mechanism for decomposition is assumed to be depolymerization, the formation of
amorphous carbon remaining on the Pt surface has been reported by Borodko et al.[23]
accounting for the differences in the decomposition degree.

Mass spectrometric analysis of the evolved gases reveals a complex
decomposition pattern for the molecules remaining at the nanoparticle surface. For the
sake of simplicity just mass-to-charge 16, 18, 28, 41 and 44 ratios are plotted in Figure
2. These m/z ratios are assigned to the evolution of methane, water, carbon monoxide,
methyl isocyanide (a product of the reduction of PVP) and carbon dioxide.

The observed profiles with significant gas evolution of CO and methylsocyanate
at 300 and 450 °C account for PVP decomposition. The low temperature evolution of

H,O and CO, may be indicative of the presence of ethylene glycol molecules on the



nanoparticle surface. Gas evolution is observed at temperatures as high as 800 °C,
indicating that not only amorphous carbon, but organic fragments remain on the surface
and this demonstrates the presence of at least the capping molecule on the nanopatrticle
surface. Thermal treatments at these high temperatures should result in nanopatrticle

sintering and must be discarded[24].
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Figure 2. Temperature programmed desorption — mass spectroscopy in 50 mL/min Ar flow of
PtCusfrom room temperature to 800 °C (10 °C/min). The solid line indicates the usual temperature
for the beginning of the nanoparticles sintering phenomenon. As it can be seen, under these
conditions the amount of remaining surface species cannot be neglected.

Low temperature air calcination of nanoparticles was attempted to get
nanoparticles free of carbonaceous residues. Figure 3 shows selected in situ XRD
patterns of PtCus; nanoparticles during heating the nanoparticles in an Og-rich
atmosphere from RT to 350 °C. A dealloying process is clearly observed upon the
oxidizing treatment at high temperatures. At 220 °C copper segregation takes place,
resulting in oxidized copper species (monoclinic CuO phase with a C2/c symmetry) and
Pt«Cu1-xO species (tetragonal phase with a P4,/ mmc symmetry)[25]. At 350 °C the PtCu
nanoparticles are completely dealloyed to metallic platihum and oxygen-containing

copper phases (CuO and Pt,Cu1.,O).
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Figure 3. In situ-XRD data of PtCus nanoparticles obtained under O2- rich atmosphere. XRD data

was taken at room temperature, 220 °C and 350 °C.

It is clear that the mild oxidation treatment to remove carbon contamination
results in the segregation of the alloyed metals to metallic platinum, oxidized copper
species and a new Pt,Cui1.xO solid solution phase where x may vary from 0.135 to
0.355)[25]. The nature of the segregated phases was analyzed by peak deconvolution.
The analysis reveals that the obtained metallic platinum phase is highly crystalline and
also, a remarkable growth of the particle size, especially of the oxidized copper species
(20 nm).

An alternative procedure has been developed to avoid dealloying and to remove
the capping PVP molecules as well as solvent and organic molecules that may be formed
during the redox processes. The procedure is based on exchanging the PVP ligands, at
room temperature, with thermodynamically more stable ones that, at the same time, may
be easily decomposed/removed at low temperatures. The developed method consists of
an exchanging step, taking advantage of the quelate effect, using a mixture of acetic acid
(a bidentate ligand), water and acetone. In this sense, prior to the conditioning process,
40 mg of the PVP-protected nanoparticles were added to 10 mL of a ~2 mM acetic acid

solution under vigorous stirring for 10 minutes, then the nanoparticles were precipitated



by adding acetone and further separated by centrifugation. This step was repeated until
the presence of PVP was not detected by UV-Vis in the remaining solution.

Figure 4 presents the spectra of three consecutive washing experiments
together with the spectra of pure PVP and acetic acid diluted on EG solutions. The PVP
absorption spectrum shows a band with a maximum at 242 nm assigned to the T— m*
electronic transition of C=0 and C=C groups of the PVP molecules.[23]. Upon three
washing cycles, the main band at 242 nm shifts to lower wavelengths (234 nm). The
band characteristic of the acetic acid aqueous solution also appears at 234 nm.[26] This
may indicate either that the PVP has been completely removed and exchanged by

acetate species or that the remaining PVP cannot be further removed by this method.
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Figure 4. UV-Vis spectra of PtCusz nanoparticles cleaning liquid after different purification steps;
acetic acid solution (black), PVP solution (yellow), supernatant after first (red), second (blue) and

third purification (green) steps.

To prove this, a new temperature programmed desorption — mass spectroscopy
(TPD-MS) was carried out on these acetic acid-treated nanopatrticles. The characteristic
m/z=41 of the PVP molecules is no longer present indicating that PVP is successfully
removed (See supporting information). However, gas evolution is compatible with the

presence of acetates adsorbed on the metal surface.



The presence of surface acetate species may also influence the nature of the
nanoparticle surface. Thermal decomposition of adsorbed acetates may occur through
dehydration to ketene that rapidly transforms leading behind surface carbon[12,27].To
test this hypothesis the surface of the nanoparticles was analyzed by near ambient
pressure x-ray photoelectron spectroscopy (NAPXPS). The presence of a remarkable
carbon signal is evident (Figure 5). A typical gas stream surrogate entering the CO-
PROX reactor may be described as H2:CO2:CO:H20 60:15:1:24. For understanding the
catalyst surface behavior under the actual activation step of the industrial catalysts[28],
the nanoparticle surface was submitted to a consecutive series of treatments modelling
the actual gas streams in the NAPXPS instrument. This sequence does not modify the

size and shape of the nanoparticles as determined by TEM (See supporting information).

Self-supported nanoparticle pellets were submitted to different gaseous
environments at 750 mTorr while keeping the sample holder temperature at 350 °C.
Consecutive treatments of the fresh sample under these conditions were performed
changing the model reactive atmospheres from vacuum to H,, H,:H>O 1:1, CO,, H; and
CO2:H; 2:3. Once stabilized the surface of the nanoparticles under the different
atmospheres, C 1s and O 1s high resolution spectra were recorded. The C 1s signal only
disappears completely under a flow of CO, thus indicating the removal of the surface

carbon (Figure 5).
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Figure 5.a) Relative surface amount of carbon estimated from NAPXPS spectra as a function of the
activation treatment. b) Cu (2p) core-level NAPXPS spectra under different in situ treatments; vacuum, 750
mTorr Hz, 750 mTorr Hx+H0 (1:1), 750 mTorr CO2, 750 mTorr H, (after CO, treatment), 750 mTorr CO»
and H (2:3). c) Pt (4d) core-level NAPXPS spectra under different in situ treatments. Incident photon energy
is 1100 eV for Cu (2p) and 485 eV for Pt (4d).

One of the relevant aspects to be studied is the effect of the new in-situ treatment
for removing the surface carbon on the nature of the metallic surface species. It is clear
that whatever the treatment the Cu 2p spectrum does not show any satellite peak (Figure
5.b). This absolutely discards the existence of Cu?* species on the nanoparticle surface
for all the tried treatments. However, a shift in the Cu 2p binding energy may be observed
as a function of the gaseous environments that might be associated to a modification of

the atomic relaxation energy since a modification of the copper environment[29] .

The combination of the shape and binding energy of Cu 2p photoelectrons
together with the shape and energy position of the LsMa,sMa4 5 Auger lines of copper allows
identify the oxidation state of copper[30,31]. Cu (ll) bulk oxides are characterized by large
satellite peaks at binding energy ca. 9 eV of the main photoelectron peak. These
satellites are not present in metallic copper or Cuz0 that are hardly differentiated on the
basis of their Cu 2p binding energies. However, these two copper species may be

differentiated by analyzing their X-ray excited Auger spectra since the LzMasMass Auger



lines since the kinetic energies of Cu (I) and Cu(0) differs by ca. 2 eV, being higher the
one corresponding to metallic copper[32]. However, the shape and position of these
signals depends, among other factors, on the particle size of the analyzed phases and,

when supported, on the electronic properties of the support[33].
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Figure 6. LsM4sMas Auger spectra of copper as a function of the activation treatment.

The Auger spectra are independent of the treatment and characterized by lines
at 920.5, 917.8, 915.1 and 913.4 eV being the most intense one ascribed to the G term
arising from the decay of the d® final state term[34—36]. In all cases the spectra show all
the features typical of metallic copper Auger spectrum[32,37]. Therefore, the observed
shift in the Cu(2p) binding energy upon exposure to the Hx+H,O mixture cannot be
ascribed to a modification of the copper oxidation state but to a modification of the atomic

relaxation energy[29,33].

Comparing the Pt 4d peaks during the different treatments (figure 5.c), the Pt 4d
signal is hardly appreciable until the surface is submitted to a CO, atmosphere and
carbon concentration is dramatically reduced indicating that the carbon overlayer has
been completely removed with the CO, treatment, improving thus the platinum

availability as active site. Hydrogen addition to the CO; flow results in an increase of the



carbon amount that buries platinum atoms and therefore reduces the intensity of the Pt

(4d) signal.

Figures 7 and 8 present the O 1s and C 1s XP spectra under different gaseous
environments. For all the experimental conditions, a weak oxygen signal is always
appreciable; however, no oxidation is detected for Cu or Pt.

In the fresh, H.-treated and H.+H.O-treated samples the C 1s spectra closely
resembles those of carbon materials including the tail at high binding energies (~290 eV)
corresponding to the T— T* transition shake-up present in graphitic or aromatic
compounds (Figure 7). Careful subtraction of the different signals allows a tentative
deconvolution of every spectrum considering the model of Lerf-Klinowski concerning
highly oxidized graphitic structures[38]. According to this model, C 1s peaks at 285.4,
286.2, 287.0, 287.9, 288.9, and 290.4 eV assigned to C-C, C-0O, C=0, 0-C-0, O=C-
OH and 11— 1* transition in aromatic systems may be observed[39-41]. Obata et al. in
their study on graphite and graphene oxide simplified the model considering the
contributions from aromatic rings (C=C/C-C) at 284.5 eV, epoxy (C-O) at 286.8 eV,
carbonyl groups (C=0) at 287.8 eV and carboxylic groups(-COOH) at 289.0 eV[42].

Signals corresponding to isolated carbon atoms (283.8 eV), adsorbed polymeric
carbon (284.1 eV), graphene (284.4 eV) and aliphatic polymers (285.0) have been also
described and assigned in literature[43].

Therefore, the fresh nanoparticles may be described as a PtCu alloy covered by
a relatively thick graphitic and aliphatic composite layer slightly oxidized. The surface
species in this sample correspond to graphitic-like species (284.6 eV) together with
carbon sp® species, partially hydrogenated polymeric carbon (285.2 eV), and a small
proportion of oxygenated species mainly C-O (286.2 eV) and C=0 species (286.7 eV).

Upon hydrogenation (H:-treated sample) carbon with sp® character increases
their relative population but the thickness of the carbon overlayer is hardly altered. The

relative proportion of surface oxygen species in the fresh and the Hy-treated samples is



very small although with a complex structure presenting. The H>+H>O mixture reduces
the carbon with sp® character showing their higher reactivity towards H,O resulting in an

increase in the relative proportion of oxygenated species.
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Figure 7. C 1s spectra from PtCus nanoparticles under different gaseous environments.
Characteristic contribution from isolated carbon atoms appears at 283.3 eV (dark green color).
Peaks corresponding to graphitic carbon atoms with sp? and sp? hybridization are at 284.6 eV
(dark cyan color) and 285.2 eV (grey color) respectively. Oxygenated species show characteristic
peaks at 286.2 eV (wine color) and 286.6 eV (yellow color). Satellite peak at around 290.4 eV
corresponds to T— TT* transitions in aromatic systems. Peak at around 292.7 eV corresponds to

CO:2 gas phase.

The O 1s signal from the fresh sample exhibits a wide peak centered at 532.1 eV (Figure
8) that may be decomposed in four contributions: quinone-like groups at 530.9 eV (green
trace), double-bonded oxygen to carbon at 531.5 eV (wine trace), single-bonded oxygen
to carbon at 532.4 eV (gray trace) and adsorbed water at 533,4 eV (dark blue
trace)[39,41,44]. The overall O 1s contribution at 531.8 eV is shifted 0.3 eV to lower

binding energies with respect to the fresh sample. This is mainly due to the reduction of



the oxygen double-bonded to carbon (532.4 eV) forming reduced C-OH groups (531.5

eV), but the total C and O amount remains almost unaltered.
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Figure 8. O 1s spectra from the PtCus nanoparticles under different gaseous environments. At
lower energies, we found peaks characteristic of atomic oxygen at 529.9 eV (orange color) and
hydroxyl groups (O-H) at 530.9 eV (green color). Peaks arising from different contributions
(oxygen from carbonyl groups, adsorbed electrophilic atomic oxygen and subsurface oxygen)
have the maximum at 531.6 eV (wine color). The peaks around 532.5 eV correspond to oxygen
single-bonded to carbon. Finally, contributions from adsorbed molecular water appear in the
range between 532.5 and 533.4 eV (dark blue color) depending on the coverage degree. The gas
phase peaks of H.0, CO2 and CO appear at 535.5 eV (sky blue color), 536.6 eV (blue color) and
537.7 eV (light gray color) respectively.

When exposing the samples to the H;+H,O atmosphere, the total amount of
carbon decreases while the oxygen concentration increases. The main overall O 1s
contribution shifts to even lower binding energies (530.9 eV) although a clear shoulder
attributed to adsorbed water molecules appears at ~533.2 eV and there is also a sharp
contribution at 535.5 eV corresponding to H.O gas phase. This treatment results in the
appearance of new components at 529.9 and 530.9 eV as well as to an increase in the

concentration of the C=0 and H>Oa4s components. Eren et al.[45] observed for methanol



adsorption on Cu (100) O 1s signals at 529.6, 531.1 and 534.0 eV ascribed to atomic
oxygen, hydroxyl and adsorbed water, respectively. In the same report, the contributions
at 532.2-532.4 and 531.4 eV are assigned to adsorbed methoxy and formate species,
respectively. Similarly, for Ni/CeOy (111) the O 1s binding energy of the adsorbed ethoxy
species also appears at 532.3 eV[46].

The treatment under CO; gas results in an almost free carbon surface. Traces of
carbon that might be associated to the presence of adsorbed CO species are insinuated
at ~287 eV, in agreement with the presence of an O 1s signal at 532.7 eV (Figure 8). CO
adsorbed on PtCu alloys only shows a single contribution in both the C 1s and O 1s XP
spectra at 286.6 and 532.6 eV, respectively[47]. These values are consistent with
previous reports for top CO adsorption on Pt (111), being the O 1s signal hardly shifted
with respect to CO adsorbed on Pt(111)[47]. However, in CO chemisorption studies on
Pt/Cu/Pt(111)%® have been described O 1s contributions at 533.3 and 531.5 eV,
corresponding to CO molecules adsorbed on top and bridge sites, at binding energies
slightly higher than for the Pt(111) system. These authors attributed the C 1s signal at
287.0 eV to adsorbed CO that upon heating at 300 °C dissociates given rise to a
contribution at 284.6 eV.

On studying the Boudouard reaction on Cu nanoclusters, Olmos-Asar et al.[48]
detected C 1s components at 283.5- 283.9 eV that appear upon CO adsorption. These
contributions were ascribed to adsorbed carbide species as a result of CO dissociation.
Rodriguez et al.[43] studied the accumulation of carbon on Pt black by XPS and found
the presence of a contribution at 283.5 eV on regenerated samples that they assigned
to the presence of isolated carbon atoms on the platinum surface, discarding the
existence of carbidic species that should appear at lower binding energies (ca. 282.5
eV). C 1s signals at 286.1 and 286.9 eV arising from CO adsorbed on two difference
metallic sites. Nierhoff et al.[49] described CO adsorbed on Pt sites at 286.9 eV in a
dynamical surface study on CuPt alloys, while Eren et al.[50] located adsorbed CO on

Cu sites at 286.1eV. These authors[50] also related the peak at 287.9 eV to CO on Cu,O



species. This peak assignment involves the presence of a characteristic peak in the O
1s region at 534.2 eV which was not detected in our work. Chung et al.[51] assigned a
peak at 532.5 eV to CO molecules adsorbed on-top metallic sites in their study of the
oxidation of CO on a Pt(110) surface.

These data suggest a Boudouard-like reaction as the main carbon removing
process under CO; atmosphere. Once the surface is carbon free, the CO; gas molecules
interact with the metallic surface undergoing a dissociation process that results in the
formation of adsorbed CO and atomic oxygen species (529.9 eV). However, the
presence of subsurface oxygen cannot be discarded as responsible for the peak at 531.6
ev.

Additionally, Figure 8 shows a HRTEM image of PtCus nanopatrticles alloy after
H.-rich atmosphere exposure confirming the presence of the carbonaceous layer that
covers the catalyst while the image corresponding to PtCus nanoparticles treated with

CO; exhibits a free-carbon surface.

Figure 9. HRTEM images comparing: a) PtCus nanoparticles alloy after Hz treatment, b) PtCus
nanopatrticles alloy after CO2 treatment.

The binding energy difference as estimated from DFT calculations between
subsurface and surface oxygen is in the 0.8-1.7 eV range[52]. A value of 1.7 eV has

been estimated for subsurface oxygen in the silver-oxygen system[53]. Considering that



~530 eV is ascribed to surface oxygen[54] the signal at 531.6 eV could be assigned to
subsurface oxygen.

Andersson et al.[55,56] studied the autocatalytic water dissociation on Cu (110)
metal surface by APXPS and observed two different types of OH species during the
exposure of the metal to 1 Torr pressure of water at different temperatures: hydroxyl
species adsorbed on the metal surface (530.4 eV) and OH hydrogen-bonded to H,O
molecules (530.9 eV). Moreover, Andersson et al.[55] and Eren et al.[50] confirmed the
presence of adsorbed molecular water in their respective works, reporting an O 1s
contribution at 532.5 eV. This agrees with Favaro et al.[57] that suggest that Oads groups
on the Cu surface can serve as nucleation sites for hydroxylation, but also point out the
difficulty of detecting Cu-OH groups since in the same spectral range (530.6-530.8 eV)
several oxygen-based species overlap (formate, C-OH, and O-R species).

The hardly observable C 1s contributions, except for the CO, gas phase, upon
CO; treatment discard any ascription to oxygenated hydrocarbons suggesting that the
adsorbed species are the consequence of CO; dissociation and further interaction with
the residual H, atmosphere in the reaction chamber (H, and CO are typical residual
gases in UHV systems)[58]. The formation of suboxidic surface species (529.9 eV),
adsorbed OH hydrogen-bonded to H,O species (530.9 and 532.6 eV) and subsurface
oxygen at 531.6 eV[59] is consistent with a reaction scheme in which carbon is removed
through the Boudouard reaction, although a contribution to the signal of adsorbed CO
species cannot be discarded.

After reaction a small fraction of CO may remain adsorbed but the main reaction
seems to involve CO; dissociation giving rise to the formation of adsorbed oxygen atoms
(surface suboxidic species) and subsurface oxygen atoms acting as nucleation sites for
adsorbed hydroxyl species formed by interaction with the residual Hz in the reaction
chamber. The whole process may be schematized as followed equation shows:

(1.1) C+CO: 5 2CO

(1.2) CO2 5 CO T+ Ouss



(1.3) Hz = 2Hags
(1.4) Hads + Oads S OHads

(1.5) Hads + OHads = H20ads

Once the carbon species have been completely removed from the surface, the
CO, was pumped out and H, was introduced into the reaction chamber. After replacing
the gas atmosphere, differences in the nature of the adsorbed species in the O 1s signal
are hardly observable except by a modification of their relative intensities. The
component at 531.6 eV grows at the expense of the signal at 529.9 eV. However, under
H: gas two contributions in the C 1s region appeared at 284.6 and 283.3 eV assigned to
aromatic carbon and isolated carbon atoms adsorbed on the surface, respectively[43].
This is an indication of the dissociation of carbon oxides resulting in the formation of
surface carbon. The increased electron density resulting from H, adsorption and
dissociation helps to dissociate the carbon oxide molecules remaining in the reaction
chamber. It should be remarked that the sample holder is placed inside a conventional
UHV bell jar being the total volume of the reaction chamber quite big (~38 L). Prior to
any experiment the sample is evacuated to ~10° mbar and therefore during the whole
experiment the reactive atmosphere may contain enough residual molecules of the
previous CO, atmosphere (~10~° moles).

The above mentioned dissociation results in an increase in the oxygen of surface
oxygen species but not in a change in the nature of such species. In general, there is an
increase in the relative concentration of species having O 1s signals at 530.9 eV (OH
species), 531.6 eV (subsurface oxygen) and 532.6 eV (adsorbed molecular H20). This
is consistent with the ascriptions and mechanism proposed for the appearance of
adsorbed species upon interaction with the CO, atmosphere.

A further treatment in a H,+CO, atmosphere allows simulating the actual
environment proposed for the industrial PtCu catalysts for the CO-PROX reaction[12]. In

this atmosphere it is clear the absence of isolated carbon atoms or carbidic species on



the nanoparticle surface being only evident the presence of sp? and sp® carbonaceous
species on the nanoparticle surface (Cls components at 284.6 and 285.2 eV,
respectively). In addition to these contributions, there is another one appearing at 286.5
eV, which is characteristic of the presence of adsorbed carbon oxides species[41,43]
and indicates that CO; is dissociated on the catalyst surface giving rise to adsorbed CO
species and carbon sp?® species. This dissociation process is clearly detected by the
increase in the surface oxygen concentration and the presence of CO and H-O in the
gas phase signals at 535.5 and 538.0 eV, respectively. Moreover, the components at
531.6 eV (subsurface oxygen and adsorbed CO), 530.9 eV (OH) and 532.6 eV (H:0)
increase. Considering all these evidences, the following reaction scheme for the

interaction of the H.+CO, mixture with the clean nanopatrticle surface is proposed:

(1.6) CO2%5 COzaus

(1.7) CO2ads 5 COads + Oads
(1.8) COus = CO 1

(1.3) Ho S 2Hass

(1.4) Hads + Oads = OHads
(1.5) Hads + OHads = H20ads
(1.9) H20aus 5 H20 1

(1.10) CO2 + H2 =5 CO + H20

The effect of surface carbon overlayers is clearly seen in the catalytic behavior of the
nanoparticles. The activity of the PtCus nanoparticles in the preferential oxidation of CO
was analyzed at 200°C over samples pretreated at 350°C either under hydrogen or CO>
atmospheres. Figure 10 plots the turn-over-frequency (TOF) values calculated by taking
account the nanoparticle average size deduced from HRTEM analysis and

mathematically modeled cuboctahedral particles[60,61]. On the freshly pretreated



nanoparticles the TOF value is ca.~ 4 times higher for the carbon covered surface (Ho-
pretreated) than for the clean surface. After cooling down the sample it was submitted to
new reaction cycle which results in an increase in the catalytic activity that is particularly
enhanced in the  COspretreated sample. The CO-PROX  stream
(5H2:1H20:1C02:0.1C0:0.10,) not only contains H, but H,O and CO. therefore the
amount of surface carbon with respect to the one preset after the H.-pretreatment is
reduced (Figure 5). On the other hand, the coexistence of H, and CO; in the feed stream
should result in the formation of surface carbon. These results clearly suggest that the
active surface is in fact partially covered by a carbonaceous layer.
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Figure 10. Effect of the surface carbon deposits on CO-PROX performance for unsupported
PtCu3 nanopatrticles at 200°C. CO-PROX stream molar ratio; 5H2:1H20:1C02:0.1C0:0.10:.

4. CONCLUSIONS

Well-defined PtCu bimetallic alloy nanoparticles (1:3 atomic ratio) were
synthesized and characterized as model catalysts for the preferential oxidation of CO.
The presence of surface carbon deposits from the use of organic capping agents has
been evidenced. An alternative surface cleaning method has been developed which
highlights the soft conditions and the possible effects on the nature of the active surface
sites. This cleaning method consists on washing the nanopatrticles with an acid solution

followed by an in situ CO; treatment. A set of surface reactions leading to the elimination



of carbon and the formation of subsurface oxygen species is proposed. At the steady
state two main processes coexist; the formation of carbon deposits by dissociation of
carbon oxides favored by the presence of adsorbed hydrogen and the elimination of
carbon deposits by the Boudourad reaction. This results in a surface carbon layer

partially covering the nanoparticle that modulates the catalytic activity.

Supporting information.

XRD data of the synthesized PtCus nanoparticles; HRTEM analysis and size distribution
before and after the washing step of the surface cleaning method; TPD-MS after the
washing step of the nanopatrticles; average size of the nanoparticles under the different
exposure environments, copper species depth profiling analysis and TOF-values
comparison of the PtCus nanoparticles for CO-PROX reaction after Hz-conditioning

treatment and after the surface cleaning method.
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