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A B S T R A C T

Process conditions during catalytic reactions induce significant changes in surface chemistry and structure of bi-
(mono) metallic nanoparticles leading to their deactivation, and this can ultimately affect the reactions long-
term performance. Here PtCu and Pt model nanoparticles are prepared by microwave synthesis and char-
acterized by X-ray diffraction (XRD). Surface chemical and morphological changes of the nanoparticles during
high-temperature oxidation and reduction treatments cycle are correlated by near in situ X-ray photoelectron
spectroscopy (XPS) and ex situ transmission electron microscopy (TEM) - energy-dispersive X-ray spectroscopy
(EDS) studies. At 300 °C the surface atomic composition of the PtCu nanoparticles switches reversibly upon the
cycle and at the same time their morphology and composition are maintained. At 400 °C, the surface atomic
composition does not fully restore and, while the shape is maintained, the size and composition are not. This
occurs by a mechanism of Cu leaching out from the nanoparticles. These data delineate potential operating
conditions for stable PtCu nanocatalysts.

1. Introduction

Nanocatalysts have emerged as a new class of materials, since they
exhibit superior properties for a range of catalytic processes as com-
pared to their bulk counterparts [1]. Bimetallic nanoparticles (NPs)
have drawn considerable interest for a number of catalytic applications,
such as oxidation and reduction reactions, environmental catalysis (CO
and NOx oxidation), fuel cells and energy storage, because they exhibit
higher catalytic efficiencies than the monometallic nanoparticles. The
enhanced properties are due to the potential synergy between the me-
tals [2]. Nanocatalysts participating in heterogeneous catalytic pro-
cesses usually encounter harsh reaction environments, such as gases
and high temperatures which are responsible for their deactivation. The
primary routes of deactivation are through poisoning, coarsening and/
or volatilization under gas phase reaction conditions [3]. As a result,
nanocatalysts may change their surface chemistry, morphology, and
chemical composition under reaction conditions [4]. In bimetallic na-
nocatalysts reaction gases and/or temperature effects could induce in-
terdiffusion between the two components and even changes of the
chemical state of the metals. As such, complex dynamic processes are
expected to occur in the bimetallic nanocatalyst systems under reaction
conditions. Correlating the surface chemical state with the structure of

the nanocatalysts by controlling the process conditions, so as to prevent
or slow down catalyst deactivation, is of great importance towards
designing stable catalysts for long-term reaction performances.

Alloying Pt with nonprecious metals such as, Cu can play a critical
role in modifying its electronic properties, for example the surface Pt d-
band. The average energy of the d-band has been correlated to the
adsorption energy of atoms and small molecules on transition metal
surfaces, and thus to predicting catalytic performance [5]. Adding
nonprecious metals to Pt decreases the amount of the noble metal and
therefore cost when preparing nanocatalysts [6]. Platinum-copper
(PtCu) bimetallic NPs have been demonstrated as active hetero-
geneous catalysts for a range of scientifically and industrially important
reactions, such as NO reduction with hydrogen [7], liquid phase hy-
drogenation of acrylonitrile to acrylamide and of 1,3-cyclooctadiene to
cyclooctene [8], propane dehydrogenation [9], and oxygen reduction
reaction. [10].

PtCu bimetallic NPs with small particle size (≤9 nm) and narrow
size distributions have been synthesized for catalytic applications
mainly by chemical routes, such as the one-pot hydrothermal method
[11], co-reduction of platinum and copper precursors [12], modified
polyol process [8] and co-reduction of the precursors using a combi-
nation of surfactants and solvents [13]. These methods require long
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reaction times (e.g., couple of hours to a day), specific environmental
conditions (e.g., gas atmospheres (argon, nitrogen), high temperatures
and pressures, etc.), hazardous reagents and careful quenching of the
reactions. Microwave dielectric heating is a relatively new synthesis
route that has several advantages compared to chemical routes, in-
cluding shorter reaction times, reduced energy consumption, and
higher yields, and as such is considered a ‘green‘ nanosynthesis method
[14]. PtCu NPs have been previously synthesized for catalytic appli-
cations using a conventional microwave oven within 2 min, but with
poor size distribution [15]. Monodispresed 5 nm distribution required a
12 h mixing process before the short microwaves reaction [16]. Re-
cently, supported PtCu alloy nanocatalysts of 3.7 nm were prepared in
10 min by microwave-assisted polyol method using a scientific micro-
wave oven, but the Pt to Cu content could not be controlled [17].

Herein we report the rapid synthesis of bimetallic PtCu (13 min) and
monometallic Pt NPs (5 min) with sizes < 10 nm using a scientific
microwave oven, the low-toxicity ethylene glycol as solvent and non-
toxic polyvinylpyrrolidone (PVP) polymer as capping agent. PtCu and
Pt NPs were drop casted onto SiO2 wafers and exposed to near in-situ
oxidation and reduction cycle at 300 °C and 400 °C. XPS spectra were
recorded at the end of each process in order to investigate the chemical
and compositional changes occurring on the surfaces of the NPs. The
results were correlated with changes in morphology and composition of
the NPs, under similar conditions, studied by TEM-EDS.

2. Experimental

2.1. Chemicals and Materials

Platinum(IV) chloride (PtCl4, +99.9%), Copper(II) acetylacetonate
(Cu(acac)2, 99.99%), Oleylamine (OAm, tech. 70%),
Polyvinylpyrrolidone (PVP, 10 000), and Ethylene glycol (EG, 99.8%)
were purchased from Sigma–Aldrich.

2.2. Synthesis of PtCu, Pt and Cu NPs

In a typical synthesis, for the preparation of PtCu nanoparticles
(NPs), equimolar ratio of the metallic precursors were dissolved in EG
(10 mL) and then mixed with OAm (5 mL) and PVP. For the mono-
metallic NPs only the corresponding metallic precursor was mixed into
the solution. Then, the solution was placed in a microwave oven of
MicroSYNTH T640 pro-24 of Milestone Srl., operating up to
1000 Watts, 200 °C and 30 bar. The oven is equipped with a thermo-
couple, to follow the temperature in the reaction solution, and a con-
tinuous stirring base. The reaction was performed at 200 °C for 13 min.
Preparation of the Pt NPs was performed in a similar reaction for 5 min,
using only the corresponding metallic precursor. After cooling down
slowly in air, the nanocrystals were obtained by flocculating the reac-
tion solution in ethanol, followed by particle separation using a cen-
trifuge operating at 5000 rpm for 5 min. The particles were washed at
least two times with ethanol/hexane mixture before re‐dispersing in
hexane (10 mL).

2.3. Characterization of NPs

Powder X-ray diffraction (XRD) patterns were collected at room
temperature with a Bruker D8 Discover diffractometer equipped with a
Ge(111) monochromator, which gave CuKα radiation
(λ = 1.5406 nm) and a position-sensitive LynxEye detector. The free-
standing NPs were deposited on specially cut Si single-crystal zero-
background holders. High-resolution transmission electron microscopy
(HRTEM) images were acquired with a JEOL JEM-2100F microscope
operating at 200 kV and equipped with a Gatan Orius SC 200D2, 14 bit,
11 meg-apixel CCD and a spherical aberration corrector in the objective
lens to ensure a point resolution of 1.2 Å. NPs were deposited onto Ni-
grids, and 150 particles of PtCu and Pt were measured to prepare

histograms. An Oxford Inca energy-dispersive silicon-drift X-ray (EDS),
X-MaxN80 T spectrometer was used for the compositional analysis.

2.4. XPS measurements of the NPs

XPS spectra were collected before and after exposure of PtCu and Pt
NPs on SiO2 surfaces, separately, to ~10 mol.% O2 in Ar at 1 bar at
300⁰C and 400⁰C for 30 min. The temperatures were typically reached
within ~15 min and after that no C 1s signal was observed in XPS.
Subsequently, the surface was exposed to ~3 mol.% H2 in Ar at 1 bar at
the same conditions. The binding energy (BE) scale was calibrated using
the Si0 2p peak at 99.3 eV of the NP substrate. The high temperature
oxidation and reduction cycles were performed in an adjacent reaction
cell attached to the XPS instrument, were by the samples can be
transferred without breaking vacuum between their treatments and
surface analysis (near in-situ). XPS analysis of the samples was per-
formed with a Kratos Axis Ultra DLD instrument by using monochro-
matic AlKα radiation (hν = 1486.6 eV) at 15 kV and 10 mA. The pass
energies for the survey and high-resolution scan were 160 and 20 eV,
respectively. The XPS atomic ratios were calculated using the in-
tegrated peak areas of Pt4f7/2 and Cu2p3/2 and their relative sensitivity
factors. The pressure in the chamber was maintained below of 6 × 10-9

Torr during the analysis.

3. Results and discussion

The synthesized bimetallic PtCu NPs appear to be spherical, having
an average NP size (D) of (7.0 ± 0.7) nm as shown by the histogram
originating from the TEM images analysis and “near‐monodisperse”
distribution with coefficient of variation (CV) ≤ 0.15, (i.e. CV = σ/
D, in which σ and D are the standard deviation and mean size, respec-
tively) [18], (Fig. 1a). High-resolution TEM (HRTEM) of single PtCu
nanoparticles (Fig. 1b) shows clear lattice fringes with an interfringe
distance d-spacing of 1.876 Å, as measured from the corresponding
Fourier-transform (FT) pattern. This d-spacing corresponds to the lattice
spacing of alloy Pt–Cu {200} planes with a close-packed structure (cps)
[19]. TEM-EDS analysis shows a 49:51 (in at.%) Pt:Cu composition of
the NPs, (Fig. 1c), similar to the starting nominal composition of the
precursors. The synthesized monometallic Pt NPs appear to have non-
uniform shapes, having an average NP size (D) of (8.7 ± 1.3) nm and
“near‐monodisperse” distribution (Fig. 1d). High-resolution TEM
(HRTEM) of single Pt nanoparticles shows clear lattice fringes (Fig. 1e)
with interfringe distance d-spacing of 1.930 Å as measured from the
corresponding Fourier-transform (FT) pattern (Fig. 1f), which corre-
sponds to the lattice spacing of Pt {020} planes with close-packed
structure (cps). [20]

Powder X-ray diffraction (XRD) patterns, revealed the crystalline
nature of the PtCu and Pt NPs (Fig. 2). Pt NPs present strong diffraction
peaks at 2 θ ≈ 39.9, 46.4, and 67.6° and 81.5°, (Fig. 2b) that can be
indexed to the (111), (200), (220) and (311) planes of face‐centered
cubic (fcc) of pure platinum. [21] PtCu NPs present diffraction peaks at
higher values 2 θ ≈ 41.2°, 47.9°,70.3°and 84.67°, (Fig. 2a) indicating
that alloying is taking place that can be indexed to the (111), (200),
(220) and (311) planes of fcc platinum-copper phase [22].

The PtCu NPs pattern appears to be very broad and asymmetric
compared to the Pt NPs pattern, which could originate from a sig-
nificant rearrangement of the atoms at the surface of the particle, the
presence of defects as well as strain and/or disorder in the crystal
structure [23]. The crystallite size and lattice parameter values of the
PtCu and Pt NPs were calculated by fitting the patterns with TOPAS
software, while for the PtCu NPs pattern the strain parameter in TOPAS
analysis was included in our calculations. The lattice parameters values
of the Pt and PtCu NPs are found to be 3.9160(1) and 3.7837(1) Å
respectively, in agreement with reported values for Pt and Pt-50 at.%
Cu NPs [24,25]. The crystallite size values for the Pt and PtCu NPs are
found to be 8.1 nm and 6.0 nm, close and relatively smaller to the
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average particle size shown with TEM respectively. Rearrangement of
the atoms at the surface of the particle, contribution from defects, strain
or/and disorder, usually has as result that the XRD size analysis gives
smaller value than TEM [26]. To further support our analysis, we used
the Williamson and Hall (W-H) model, which differentiates between
size- and strain-induced peak broadening and we calculated the NPs
size to be 5.8 nm in good agreement with TOPAS results, SI [27].

The XPS Pt4f7/2 and Cu2p3/2 peaks of the as-prepared PtCu NPs, are
found at BEs characteristic of metallic Pt and Cu respectively (Fig. 3a
and b, Table 1) [28,29]. After Oxidation at 300 °C the XPS Pt4f7/2 peak
is shifting to higher BE, but the shift is too small to be assigned to PtO
oxide (BE range 71.7–72.0 eV) (Fig. 3a, Table 1). [30] This difference in
the BE from the as-prepared sample could be ascribed to the effects of
surface restructuring which has previously been observed for Pt-based
NPs, especially pronounced upon the first redox cycle [31,32]. The

broad shoulder on the higher BE side of the main Pt doublet corre-
sponds to Cu 3p electrons. Similarly, the XPS Cu 2p3/2 peak is found at
higher BE, and a strong shake-up feature at 942.6 eV appears, sug-
gesting the formation of CuO oxide (Fig. 3b, Table 1) [11]. Subsequent
reduction shifts the Pt4f7/2 and Cu2p3/2 peaks to lower BEs with si-
multaneous disappearing of the Cu shake-up peaks. This can be as-
signed to the formation of metallic Pt and Cu states, respectively.
Therefore, the chemical state of Cu reversibly switches between Cu2+

and Cu0, while Pt changes are more subtle indicating that Pt remains
essentially metallic during the treatments. The XPS Pt4f7/2 peak origi-
nating from the Pt NPs is found at BE characteristic of metallic Pt
(Fig. 3c, Table 1). After oxidation and reduction at 300 °C, the XPS
Pt4f7/2 peak shifts slightly to higher and lower BEs, respectively, but in
the BE range typical for metallic Pt.

The XPS Pt 4f BE of Pt NPs appears at lower BE with respect to that
of PtCu NPs, implying a change in the electronic structure of Pt upon
the formation of alloy with Cu. The BE shift is not in agreement with the
trend expected from the electronegativities of Pt and Cu, which would
imply a charge transfer from Cu to Pt. The apparent difference in the
NPs BEs can be attributed to quantum confinement effects [33]. As-
suming equal shifts of all energy levels the Pt 3d center shifts away from
the Fermi level for Pt in the Pt-Cu NPs as compared to pure Pt NPs. Due
to the downshift of the Pt d-band center in PtCu alloy catalyst, the
adsorption energy of the intermediate species reduces, thus enhancing
the catalytic activity for relevant reactions, such as, the methanol oxi-
dation reaction [34].

Interestingly, the XPS intensity of the Pt 4f and Cu 2p signals of the
bimetallic PtCu NPs varies significantly with the oxidation and reduc-
tion treatments. Upon oxidation the Cu 2p peak area increases and si-
multaneously the Pt 4f decreases, while upon reduction the opposite is
observed. This reversible behavior can be clearly demonstrated by
plotting the surface atomic ratio (at.%) of Pt and Cu when alternating
exposures in experimental cycle (Fig. 3d).

The observed changes in XPS Pt and Cu intensities from the PtCu
particles during oxidation and reduction cycles can be attributed to
surface restructuring. It has been shown previously that the adsorption
of oxygen on Pt–Cu catalyst surfaces could induce segregation of 3d
transition metal onto the top surface, owing to strong bonding between

Pt-Cu 

Pt 

Fig. 1. TEM images (inset: histogram) (a), (d), HRTEM images (inset: FFT pattern of a single NP) (b), (e) and HRTEM-EDS spectra (c), (f) of PtCu and Pt NPs
correspondingly.

Fig. 2. Powder XRD patterns of a) PtCu and b) Pt NPs with Si-reference.
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oxygen and 3d transition metals [35]. The 3d transition metal oxide
CuO formed at 300 °C (Fig. 3b) tends to encapsulate Pt, since most
oxides have low surface energy (< 1 J/m2) [36] compared to that of Pt
(surface energy of Pt: 1.95 J/m2 [37]). Therefore, upon oxidation the
XPS Pt intensity is decreasing and Cu increasing. Surface segregation of
Pt has been found in vacuum in PtCu bimetallic systems, where the
metal with larger atomic radius (Pt:1.39 Å, Cu:1.28 Å) segregates to the
surface in order to release strain at the bimetallic surface [38,39]. Since
hydrogen bonds weakly to most 3d transition metals, the presence of H2

will not change the thermodynamic driving force for the surface seg-
regation process. Therefore, upon reduction Pt segregates to the sur-
face, restoring the surface Pt:Cu atomic ratio.

After cycle of oxidation and reduction of PtCu NPs at 400 °C, XPS
measurements show the reversible chemical switch of the chemical
state of Cu (Cu2+ →Cu0) and Pt (Pt2+ →Pt0) (Fig. 3e and g, Table 1).
The surface chemical state of Pt indicates alteration between the oxi-
dized and the metallic state during the treatments. However, the che-
mical state of Pt remains metallic during the treatments at 300 °C, re-
flecting the possibility of a different catalytic response. At alternating

oxidation and reduction treatments at 400 °C of Pt NPs, the chemical
state of Pt reversibly switches between Pt2+ and Pt0 during the ex-
perimental cycle. (Fig. 3g, Table 1). At 400 °C the surface atomic ratio
(at.%) of Pt and Cu, reversibly alternates upon the exposures, but the
composition does not fully restore, as at 300 °C.

The Pt 4f7/2 BE shifts (Table 1). To higher BE in the Pt-Cu system
than in pure Pt. Although the shifts are marginal (close or within the
experimental error), they show that Pt core holes are not as efficiently
screened in the Pt-Cu environment as in pure Pt. At 400 °C cycle the
shifts are smaller (almost negligible), and this might be related to a
decrease of the number of Cu neighbors around Pt atoms. At 300 °C, Cu
reversibly diffuses onto the surface, leaving a Pt rich underlayer and
back to the core, but at 400 °C the process seems to be less reversible
resulting in a permanent compositional change.

The morphology of Pt NPs does not seem to change after oxidation
and after reduction both at 300 °C and 400 °C, SI (Figure A). XPS shows
that the oxide species on the surface of the NPs is assigned to PtO and
not PtO2, the latter being a volatile oxide as has been shown earlier
[40]. TEM-EDS analysis shows that after the 300 °C oxidation the

Fig. 3. XPS spectra from PtCu and Pt NPs deposited on SiO2 substrates in oxidation-reduction cycle reactions at 300 °C (a), (b), (c) and 400 °C (e), (f), (g). Surface
atomic ratio of PtCu NPs in oxidation-reduction cycle reactions having at.% standard errors of 3% or below (calculated from repeating experiments for all the
processes) at 300 °C d) and 400 °C h).

Table 1
XPS BEs and Pt4f7/2 BE shifts between PtCu and Pt NPs as-prepared, after Oxidation and Reduction cycle at 300 °C and 400 °C.

State of NPs Pt4f7/2BE ± 0.2(eV)[a]

PtCu NPs
Cu2p3/2BE ± 0.3(eV)[a]

PtCu NPs
Pt4f7/2 BE ± 0.2(eV)[a]

Pt NPs
Pt4f7/2 BE shift ± 0.28(eV)[a]

between PtCu & Pt NPs

As-prep. 70.9 932.1 70.5 0.4
Ox. 300 °C 71.6 933.7 71.1 0.5
Reduc.300 °C 71.2 932.4 70.4 0.8
Ox. 400 °C 72.1 934.3 72 0.1
Reduc. 400 °C 71 932.4 70.7 0.3

[a] Casa XPS software, version 2.3.18. PR1.0.
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average size, shape and composition of the PtCu NPs does not change
(Fig. 4a and b). After reduction at 300 °C the morphology and com-
position of the NPs does not change. Thus, at these conditions, the
surface atomic composition (XPS) of the NPs is reversible, while their
morphology is preserved.

This is not the case at higher temperatures, as at 400 °C oxidation
TEM-EDS analysis shows that even though the NPs shape remains
spherical, their average size decreases to ~ 5 nm and the composition
Pt:Cu changes to ~ 60:40 at.% (Fig. 4c and d). The increase of the Pt
content of the PtCu NPs is explained by a leaching out mechanism [41]
of Cu, since smaller (1–4 nm) Cu NPs are detected, SI (Figure B). After
reduction the morphology and composition of the NPs remain the same
as after oxidation. At 500 °C oxidation, the processing conditions seem
to be harsh that the NPs coalesce, SI (Figure C).

4. Conclusion

In conclusion, we have prepared well-dispersed PtCu and Pt nano-
particles by a novel microwave-based synthesis route and investigated
their segregation/alloying behavior under oxidation-reduction cycle at
elevated temperatures. XPS analysis of supported PtCu nanoparticles
onto SiO2 at 300 °C shows that surface chemical state of Cu
(Cu2+↔Cu0) changes reversibly, Pt (Pt0) remains almost metallic and
the surface atomic composition switches reversibly upon the cycle. At
the same time, TEM-EDS analysis suggests that the NPs morphology and
composition does not change. At 400 °C, the chemical state of both Cu
(Cu2+↔Cu0) and Pt (Pt2+↔Pt0) reversibly switches, but the surface
atomic composition does not fully restore. TEM-EDS analysis show that
shape is maintained but not the size and chemical composition, by Cu

leaching out from the PtCu nanoparticles. At higher temperature
(500 °C), the morphology is not maintained. These observations will
pave the way for optimizing the operating conditions for stable PtCu
nanocatalysts in technological applications.
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