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ABSTRACT: We report a synthesis method for highly mono-
disperse Cu−Pt alloy nanoparticles. Small and large Cu−Pt
particles with a Cu/Pt ratio of 1:1 can be obtained through
colloidal synthesis at 300 °C. The fresh particles have a Pt-rich
surface and a Cu-rich core and can be converted into an
intermetallic phase after annealing at 800 °C under H2. First, we
demonstrated the stability of fresh particles under redox conditions
at 400 °C, as the Pt-rich surface prevents substantial oxidation of
Cu. Then, a combination of in situ scanning transmission electron
microscopy, in situ X-ray absorption spectroscopy, and CO
oxidation measurements of the intermetallic CuPt phase before
and after redox treatments at 800 °C showed promising activity
and stability for CO oxidation. Full oxidation of Cu was prevented after exposure to O2 at 800 °C. The activity and structure of the
particles were only slightly changed after exposure to O2 at 800 °C and were recovered after re-reduction at 800 °C. Additionally, the
intermetallic CuPt phase showed enhanced catalytic properties compared to the fresh particles with a Pt-rich surface or pure Pt
particles of the same size. Thus, the incorporation of Pt with Cu does not lead to a rapid deactivation and degradation of the
material, as seen with other bimetallic systems. This work provides a synthesis route to control the design of Cu−Pt nanostructures
and underlines the promising properties of these alloys (intermetallic and non-intermetallic) for heterogeneous catalysis.

■ INTRODUCTION
Pt-based alloys and intermetallic compounds have been
intensively studied because of their potential applications in
magnetics,1 electronics,2 and particularly in catalysis.3−7

Although effective, Pt is one of the most expensive catalysts.
Therefore, adding inexpensive transition metals into Pt can
substantially reduce their cost. Moreover, incorporating
transition metals into Pt has been shown to be an effective
way to enhance activity and poisoning tolerance in many
catalytic processes.8−11 Indeed, the mixture of Pt with another
transition metal can modify the d-band configuration, yielding
a change of adsorption and desorption energy when the
samples interact with gaseous molecules.12,13 Alloying can also
lead to different morphologies and shapes that can be
advantageous for optimizing the catalytic performance.14,15

For instance, morphology and facets play a critical role in
surface chemistry and hence heterogeneous cataly-
sis.16−18Small bimetallic nanoparticles incorporating Pt are
common catalysts, as they maximize the surface area of
exposed Pt atoms, therefore optimizing it. Many methods are
used to produce nanoparticles (such as mechanical milling,
sputtering, or chemical vapor deposition), but the sol−gel
(solvothermal) method remains the most widely used strategy

to synthesize monodisperse bimetallic nanoparticles.19 The
choice of chemical precursors and solvent can guide the shape
of the particles. For instance, halide ions in the solvothermal
synthesis of Pt particles help to obtain highly faceted
particles.20 Synthesis with metal carbonyl can tune the shape
of nanoparticles and yield spheres or cubes, depending on the
quantity of precursors and the reaction temperature.18 Finally,
the amount of capping agent added to the solution, such as
oleylamine, and the reaction temperature, are crucial to control
the size and composition of nanoparticles.18,21,22 Previous
publications have reported promising properties of Pt-based
bimetallic particles. For instance, it has been demonstrated that
core−shell Pt3Pb−Pt nanoparticles are highly efficient for
formic acid oxidation.23 Pt−Zn particles have been shown to
have enhanced poisoning tolerance and comparable activity
than pure Pt particles for methanol oxidation.9 Also, it has
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been shown that Cu−Pt particles outperform pure Pt for low-
temperature propene combustion.24 Improved catalytic prop-
erties are the results of unique electronic configuration and
morphology in Pt-based bimetallic systems. Finally, core−shell
configurations with a Pt-rich skin are also of great interest, as it
maximizes the surface area of exposed Pt, with an underlying
core modulating the electronic configuration of Pt atoms. Pt-
based core−shell particles, with Pt on the surface, have been
developed for the electro-oxidation of ethanol or oxidation
reduction reaction.25,26 Hence, Pt-based bimetallic particles
offer tremendous possibilities for stable and highly efficient
catalysts. In particular, Pt has been used for CO oxidation
reactions, especially in the catalytic converter, to oxidize toxic
CO into CO2.

27,28 Hence, the incorporation of Pt with a low-
cost metal to reduce the cost of catalyst for CO oxidation
appears as an appealing strategy.
To this end, we report the synthesis of highly monodisperse

Cu−Pt alloy nanocrystals. We achieved control over the size of
Cu−Pt particles with different diameters and showed that the
Cu−Pt alloy nanocrystals can be prepared with a stoichiometry
of Cu/Pt = 1:1. The fresh particles have core−shell structure
with a Pt-rich surface that can be converted into an
intermetallic phase with thermal annealing. We showed that
the fresh particles, with a high Pt concentration on the surface,
are stable under O2 at temperatures up to 600 °C. Thus, a
thick Pt-rich shell can prevent oxidation of a Cu-rich core and
subsequently the migration of Cu to the surface through the
Kirkendall effect. The fresh nanocrystals can be subsequently
converted into CuPt intermetallic nanocrystals by exposing
them to an inert atmosphere at 800 °C. We then demonstrated
the great stability and high activity for CO oxidation of the
intermetallic phase during a redox cycle performed at 800 °C.
Detailed in situ scanning transmission electron microscopy
(STEM) and in situ X-ray absorption spectroscopy (XAS)
investigations were performed in parallel to CO oxidation
measurements. The activity for CO oxidation of the CuPt
intermetallic phase was higher than pure Pt particles of similar
size and the fresh core−shell Cu−Pt sample. The intermetallic
phase is also very stable and very resistant to redox conditions
at 800 °C. Full oxidation of Cu was prevented after exposure to
O2 at 800 °C. The activity of the particles was only slightly
reduced after exposure to O2 at 800 °C but could be fully
recovered after re-reduction at 800 °C. This underlines the fact
that a bimetallic structure with Cu can be a stable and efficient
catalyst, and the consequences of Cu oxidation can be
reversed.

■ EXPERIMENTAL METHODS
For the synthesis of nanostructures, Cu(acac)2 (Cu(II) acetylaceto-
nate ≥ 97% purity) and Pt(acac)2 (≥97% purity) were purchased
from Sigma-Aldrich. Oleylamine (Olam, ≥70% purity), benzyl ether
(BE, ≥98% purity), oleic acid (OAc, ≥99% purity), and tert-
butylamine borane complex (TBAB, ≥97% purity) were also
purchased from Sigma-Aldrich.
All syntheses of nanostructures were performed using the

solvothermal method.29 Briefly, 9.0 nm (large) Cu−Pt nanocrystals
with a 1:1 ratio were synthesized using 0.052 g of Cu(acac)2 and
0.080 g Pt(acac)2. The precursors were mixed with 10 mL of benzyl
ether, 7.36 mL of oleylamine, and 1.25 mL of oleic acid. The solution
was first placed under vacuum at an elevated temperature (95 °C for 1
h) under constant stirring to remove traces of water. Then, the
solution was rapidly heated under N2 (15 °C/min) and kept at a high
temperature for 1 h. The solution was then slowly cooled down under
N2. Hexane and isopropanol were added to the mixture before

centrifuging at 8000 RPM for 5 min. The particles were then
redispersed in hexane.
The addition of 100 mg of TBAB at 170 °C when the mixture’s

temperature is elevated yields 3.2 nm (small) Cu−Pt nanoparticles.
In addition, small Cu−Pt particles with a Cu/Pt ratio of 3:1 can be

obtained using the same recipe for large Cu−Pt particles with a
reaction temperature of 210 °C maintained for 30 min. If the reaction
is stopped after 10−15 min, then Cu−Pt nanowires are obtained, with
a Cu/Pt ratio of 3:1 (Figures S2 and S3).
Pure Pt particles were synthesized for comparison with the catalytic

properties of large CuPt particles. The synthesis was the same as for
large CuPt particles, except that no Cu precursor was added, but only
0.080 g of Pt(acac)2. The diameter of the pure Pt particles was 8 ± 2.1
nm.
Transmission electron microscopy (TEM) was performed with a

JEOL1400 TEM at 120 kV. STEM, energy-dispersive X-ray
spectroscopy (EDS), and electron energy-loss spectroscopy (EELS)
were performed with a JEOL NEORM operating at 200 kV with a
convergence angle of 27 mrad. For STEM imaging and EDS, the
probe current was 150 pA, and the camera length was 4 cm. For
EELS, the probe current was 500 pA, and the camera length was 2 cm
to maximize the signal-to-noise ratio. A K2-IS camera operating in the
Summit mode, provided by Gatan Inc., was used to collect the EELS
spectra, using a 5 mm collection aperture on the Gatan imaging filter
(GIF). Crystal structures were also investigated through X-ray
diffraction patterns and obtained using a Rigaku Smartlab
diffractometer with Cu Kα radiation of λ = 1.5418 Å. To accurately
measure the Cu/Pt ratio in the synthesized Cu−Pt nanocrystals of
different compositions, we performed inductively coupled plasma
optical emission spectroscopy (ICP-OES) on a SPECTRO GENESIS
ICP spectrometer.

In situ STEM analysis was performed with a JEOL NEOARM
operating at 200 kV. An environmental holder manufactured by
Hummingbird Scientific was used to perform in situ gas-heating
experiments.30−32 The sample was enclosed into a microcell with two
electron-transparent SiN windows. The cell also contained a micro
coil for temperature control. Gas flow was 5 sccm, and only pure gases
(99.999% purity) were used (H2, O2, or N2 to purge the system).
Flow and temperature were controlled with a gas delivery system and
software provided by Hummingbird Scientific. For all in situ STEM
experiments, particles were deposited on amorphous carbon (instead
of Al2O3) to avoid loss of contrast and maximize imaging quality in
high-angle annular dark-field (HAADF)-STEM mode. Ligands were
removed by calcination under O2 at 250 °C for 5 min. The short
treatment did not damage the carbon support or the particles.

In situ XAS was performed at the microXAS beamline (X05LA) at
the Swiss Light Source (SLS) of the Paul Scherrer Institute (PSI).
Data for Cu K and Pt L2 edge were collected in fluorescence mode
with Silicon Drift Detectors. The flux was 2 × 1012 ph/s/400 mA, and
the spot size was approximately 10 × 10 μm2. The sample was
enclosed in the same environmental holder used for in situ STEM,
with the same flow rates, gases, and temperatures. The Pt L2 edge was
analyzed instead of the Pt L3 edge, as the holder contained tungsten.
Hence, the Pt L3 edge (11.5637 keV) overlapped with W L2 edge
(11.5440 keV).
Catalytic properties of Cu−Pt (CuPt) nanocrystals supported on

Al2O3 toward CO oxidation were tested and compared to pure Pt
nanoparticles. The γ-alumina was first exposed to 900 °C for 24 h to
stabilize the structure and avoid substantial changes of the support
during catalysis at elevated temperatures. We chose Al2O3, as it is
completely inert for CO oxidation, enabling us to measure the activity
of the particles, independent of support effects. The dispersed
particles in hexane were mixed with a finely ground powder of γ-Al2O3
and put in an ultrasonic bath for 1 h. The sample was then centrifuged
and dried to obtain a powder of supported catalyst. For all CO
oxidation measurements in this study, plasma cleaning with argon was
performed for 20 min before calcination under air at 500 °C for 2 min
to remove ligands.33 To compare the activity of the different samples
for CO oxidation, we used a gas hourly space velocity (GHSV) of
36,000 mL h−1 g−1 catalyst. CO oxidation was performed with 25 torr
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of CO, 12.5 torr of O2, and 722.5 torr of He. The weight loading of Pt
was 0.5% for all samples. All formation rates (CO2/s/g.cat) only
encompass the amount of Pt (g.cat of Pt) and exclude Cu.
Metal dispersions were estimated using standard chemisorption

measurements with CO at room temperature (20 °C). The sample
was first oxidized at 300°C in air for 10 min and then reduced in pure
H2 at 300°C for 30 min before evacuation and cooling. Dispersions
were calculated from the cumulative amount of CO adsorption up to
2 Torr, assuming that the stoichiometry of Pt/CO is 1.34 CO does not
adsorb on Cu.35

■ RESULTS AND DISCUSSION
The reaction under an inert atmosphere at 300 °C for 30 min
yields large Cu−Pt particles with an average diameter of 9.0 ±
1.1 nm and a Cu/Pt ratio of 1:1 (Figure 1a). This

stoichiometry is consistent with the initial quantity of
precursors. If TBAB is added, the same reaction conditions
yield 3.2 ± 0.27 nm Cu−Pt particles with a Cu/Pt ratio of 1:1
(Figure 1b). Additional images with a lower magnification are
provided in Figure S1.
It should be noted that the as-synthesized samples do not

have an intermetallic structure. Conversion into an inter-
metallic arrangement can be achieved after annealing at 800 °C
for at least 30 min. The table below (Table 1) shows the
nomenclature of the samples investigated in this work. We
used “CuPt” to indicate intermetallic phase and “Cu−Pt” for
non-intermetallic phase. No substantial change in size was
observed after particles were converted into intermetallic
alloys.
In addition, we noticed that changes in synthesis parameters

can provide flexibility in the design of Cu−Pt structures. If the
synthesis is performed at 210 °C (without TBAB), then we
obtained small Cu−Pt nanoparticles with a Cu/Pt ratio of 3:1
and with long nanowires as a byproduct. We also performed
the synthesis at 210 °C by collecting a small fraction of the

solution every 5 min after the beginning of the reaction.
Results are summarized in Figure S3 and show the initial
formation of nanowires after 10 min of synthesis, which are
transformed into nanoparticles when the reaction is performed
for at least 25 min. This shows the large range of available
nanostructures that can be obtained with the recipe reported in
this work.
For the rest of this study, we decided to mostly focus on the

small Cu−Pt and large Cu−Pt particles synthesized at 300 °C,
which have a Cu/Pt ratio of 1:1. The particles were analyzed
with aberration-corrected STEM imaging combined with EELS
and EDS to obtain a precise understanding of the spatial
distribution of Cu and Pt within individual particles. The
results are summarized in Figure 2. Only freshly synthesized
particles were investigated, and no thermal pretreatment was
performed. In both cases, it was possible to distinguish a Cu-
rich core covered by a thick Pt-rich structure (Figure 2b,f).
The high concentration of Pt on the surface seems advanta-
geous, as Pt is the precious metal that we try to optimize for
heterogeneous catalysis.
Additionally, it was not possible to distinguish a layer of Cu

or Cu oxide on the surface of the particles, even after 6 months
in solution. This indicates the stability of the Cu−Pt system as
Cu tends to segregate to the surface and oxidize when it forms
an alloy, especially since its surface energy for many facets is
low.36−38 EELS of the Cu L2,3 spectra (Figure 2c,g) indicates
no oxidation of Cu into CuO or Cu2O, as the edge has the
characteristic shape for reduced Cu. If CuO was present, we
should see sharp peaks called “white lines” at 931 and 951 eV
loss.39,40 If Cu2O was present, the signal should display
undulations after the front edge.39 Additionally, EELS of the O
K edge at 529 eV loss and EDS did not detect the presence of
oxygen in the particles (Figure S4). Thus, we conclude that the
particles are not oxidized, and exposure to air or suspension
into hexane with alcohol traces does not cause rapid oxidation.
No intermetallic phase could be distinguished in fresh

samples (small and large particles), especially since the atomic
resolution images with HAADF-STEM do not suggest a
regular ordering of Cu and Pt. Indeed, since ZCu = 29 and ZPt =
78, an intermetallic solution would be clearly visible, as the
brightness of the atoms is proportional to Z1.6.41 Thus, we
conclude that the freshly synthesized samples are alloyed with
a Cu-rich core and a Pt-rich surface.
Then, we investigated the catalytic properties of small and

large fresh Cu−Pt particles after the removal of ligands. The
objective was to understand whether the alloyed Cu−Pt
particles could resist oxidative conditions even if the particles
were not converted into robust intermetallic phases. The
samples were reduced and oxidized at 400 °C. Two reductions
and two oxidations were performed, and the data shown in

Figure 1. STEM images of Cu−Pt nanocrystals. (a) HAADF-STEM
image of 9.0 nm Cu−Pt particles, (b) HAADF-STEM image of 3.2
nm Cu−Pt particles.

Table 1. Nomenclature and Description of the Samples Mentioned in This Work

sample’s
nomenclature

average diameter
(nm)

Cu/Pt
ratio synthesis temperature (°C) description

large Cu−Pt
particles

9.0 1:1 300 °C non-intermetallic alloy

large CuPt particles 9.0 1:1 300 °C intermetallic alloy (annealed in an N2 environment at 800 °C for
30 min)

small Cu−Pt
particles

3.2 1:1 300 °C with TBAB injected at
170 °C

non-intermetallic alloy

small CuPt particles 3.2 1:1 300 °C with TBAB injected at
170 °C

intermetallic alloy (annealed in an N2 environment at 800 °C for
30 min)
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Figure 3 indicate the activity after the second reduction and
the second oxidation.
The catalysts are still active after two redox treatments, and

the activity does not change substantially between reduction
and oxidation. This indicates minor changes in composition in
the Cu−Pt particles during the redox cycle. It is surprising to
see no substantial drop in activity after cycling, especially since
Cu migrates easily to the surface upon exposure to O2-rich
environments. This has been shown in other publications
about bimetallic particles with Cu.22,31 Upon exposure to
oxygen at high temperatures, Cu migrates to the surface and
forms Cu oxide, which covers the second transition metals. In
our case, it seems that the Pt-rich surface prevented the
migration of Cu to the surface, which allowed Cu−Pt particles

to remain active after the cycle. Finally, it is interesting to
notice that the rates for CO oxidation are similar for small and
large particles. One could have expected small particles to be
more active, as the surface area is larger. We speculate that the
highly faceted surface of large particles, with wide planar
surfaces, may boost the rate and therefore offset the smaller
surface area compared to small particles.
Ultimately, we performed an in situ STEM experiment to

understand changes in the structure under realistic conditions.
The particles were deposited on amorphous carbon and not on
Al2O3. A brief exposure to O2 at 250°C for 5 min was
performed to remove ligands without damaging the carbon
support. The sample was first exposed to pure H2 up to 400
°C. Then, the sample was cooled down to room temperature

Figure 2. STEM-EELS and EDS analysis of the fresh large and small nanoparticles. (a) HAADF-STEM image of a representative large Cu−Pt
nanoparticle. A dimmer contrast in the center indicates the presence of more Cu than on the edges. (b) Corresponding and combined EDS maps
for Cu and Pt showing a Cu-rich core enveloped in a thick Pt-rich shell. (c) Cu L2,3 EELS edge from the surface of the particles, showing no
oxidation of Cu. (d) Particle size distribution for 200 large particles. (e) HAADF-STEM image of representative small Cu−Pt nanoparticles. (f)
Corresponding and combined EDS maps for Cu and Pt, showing a Cu-rich core enveloped in a Pt-rich shell. (g) Cu L2,3 EELS edge from the
surface of the particles, showing no oxidation of Cu. (h) Particle size distribution for 200 small particles.

Figure 3. Investigation of the stability of large (9.0 nm) and small (3.2 nm) particles during a mild redox cycle at 400 °C (a) Steady-state
differential for CO oxidation rate with 25 torr of CO and 12.5 torr of O2 with 9.0 nm Cu−Pt particles as the catalyst. 0.1 g of Cu−Pt/Al2O3 was
used. (b) Steady-state differential for CO oxidation rate with 25 torr of CO and 12.5 torr of O2 with 3.2 nm Cu−Pt particles as the catalyst. 0.1 g of
Cu−Pt/Al2O3 was used. In both cases, the catalyst is still active, and oxidation does not substantially alter the catalytic properties after a reduction.
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under N2, and O2 was provided. The final temperature for the
O2 treatment was gradually increased to 600 °C. The samples
were also deposited on amorphous carbon instead of Al2O3 to
increase the visibility of the particles with in situ STEM. Al2O3
is heavier than amorphous carbon; hence, it will be more
challenging to see the particles with HAADF-STEM imaging.
Furthermore, minimizing the effect of the support on the
imaging and spectroscopy measurements is critical for
detecting the migration of Cu to the surface. The results of
the in situ analysis are summarized in Figure 4. All images were
taken after at least 30 min of exposure to the indicated gas and
temperature.
The particles are stable at high temperatures under O2 or

H2. In fact, Cu tends to sinter very easily at elevated
temperatures, but the Cu−Pt phase prevents sintering or
morphology changes commonly seen in Cu nanostructures.
Some moderate sintering is detected after prolonged exposure
to high temperature for particles that were initially quite close
to each other (Figure 4c). It is also possible to notice
occasional restructuring of facets during redox cycling. For
instance, the particle on the top right in Figure 4 was initially
triangular and became hexagonal at the experiment’s end.36,42

However, one can notice that the particles remain faceted
during the whole cycle under reductive or oxidative conditions.
Mild sintering and facet reconstruction may explain the slight
decrease in activity during cycling. The Cu-rich core in the
particles is visible at the beginning of the experiment and
remains during the redox cycling. This can be seen in the EDS
data in Figure 4. In Figure 4d, the morphology of the particles
remained unchanged under oxidative conditions. These results
are in contrast to the behavior of pure Cu particles under harsh
oxidative conditions: Cu quickly oxidizes a form a hollow
structure through the Kirkendall effect.43−45

Finally, EELS analysis was performed on the Cu L2,3 edges at
931 and 951 eV loss to determine if Cu became oxidized after
1 h of exposure to O2 at 400 °C. The signal for oxygen could
not be used with the in situ experiment as traces of SiO2 are
present in the cell and the windows enclosing the sample.
Thus, we relied on a fingerprinting approach by looking at the

shape of the Cu L2,3 edges.
39,46 The results are shown in Figure

S5. In most cases, no sign of Cu oxidation was detected as the
edges remained flat and did not have characteristic peaks for
Cu oxide. In some particles, it was possible to detect modest
white lines suggesting partial oxidation of Cu in the sample.39

Thus, we conclude that Cu remains difficult to oxidize in large
non-intermetallic Cu−Pt particles, explaining the stable
catalytic performance described in Figure 3. The Cu-rich
core remains well embedded in the thick surface and Pt-rich
phase. Cu has difficulty migrating within the particles and is
not able to accumulate on the surface. In fact, migration of Cu
to the surface, followed by oxidation, is a common problem in
alloyed materials, as Cu has a low surface energy.47,48 High
temperatures combined with an O2-rich atmosphere favor
quick degradation of bimetallic samples containing Cu, but we
believe the unique configuration of these Cu−Pt particles
either prevents or strongly hinders such an outcome.
After this analysis at low temperatures, the small and large

particles are then converted into an intermetallic solution upon
annealing at elevated temperatures for 30 min under N2 at 800
°C. XRD and STEM data are provided in Figures S6 and S7
and show the effective conversion of CuPt particles into an
intermetallic phase. This is consistent with the phase diagrams
of the Cu−Pt system reported in a previous publication.49

Catalytic properties of CuPt particles are then investigated
during CO oxidation. To this end, we compared small and
large CuPt particles as well as Pt particles with a diameter of 8
nm.
The results of the catalytic testing are summarized in Figure

5. Arrhenius plots are presented for the three samples in a
temperature range of 110−160 °C.50,51 Activation energies
were calculated assuming the same rate expression for all
samples and are provided in Table S1. Large CuPt particles
were slightly more active than small CuPt particles, which was
surprising as small particles have a higher surface area.
Standard CO chemisorption was performed on the two
samples, and the dispersion was calculated (Table 2). The
results confirm the higher activity of large CuPt particles
compared to Pt particles with a similar size. Surprisingly, the

Figure 4. In situ STEM-HAADF analysis of large Cu−Pt particles shed light on the stability of the sample. (a−d) Reduction and oxidation of the
sample at elevated temperatures. Images were taken after at least 30 min at the indicated temperatures and gases. A dimmer brightness in the center
of the particles at the end of the experiment proves the resistance of the Cu-rich core. (e−g) STEM image and corresponding EDS maps of a
particle after the end of the oxidation step at 600 °C. Pt is still strongly present on the surface. The Cu-rich core is also visible.
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dispersion of large CuPt particles (17.3%) was higher than Pt
particles of the same size (12%), which suggests a better
absorption of CO molecules on the surface of large CuPt
systems. In contrast, small CuPt particles had a lower
dispersion (14.3%) compared to the calculated dispersion of
Pt particles with the same size (33%). This explains why small
CuPt particles did not outperform large CuPt particles when
CO oxidation was tested.
One can also notice that CuPt particles do not seem to obey

the same dispersion curve as Pt. In fact, it is known that with
CO oxidation on pure Pt, rates are strictly proportional to the
Pt surface area.52 Hence, CuPt alloys do not fit that same rate
versus dispersion curve observed with Pt.

Additionally, the 9.0 nm CuPt particles appear to be more
active at low temperatures than the 8.0 nm Pt particles
synthesized in this work. The STEM images showed facets on
the 9.0 nm CuPt nanoparticles, which could explain the
enhanced activity. In fact, facets and surface orientations play a
critical role in heterogeneous catalysis, as they define the
electronic configuration at the surface of the metal. Different
orientations and facets will modify the adsorption and
desorption energies, leading to modified catalytic properties.
We also repeated twice the CO oxidation measurement on
different batches of CuPt and pure Pt samples, and we
obtained the same results. Additionally, we also compared the
CuPt samples with a commercial Pt/Al2O3 sample, and we also
measured activity at lower temperatures for the alloy (Figure
S8). A full comparison between Pt samples and CuPt particles
will be provided in future work, as the comparison of catalytic
properties between monometallic and bimetallic samples is
sometimes challenging. A range of factors can explain the
catalytic properties of bimetallic samples and have been under
debate. This work aims to show that the incorporation of Cu
into Pt does not necessarily passivate Pt used for catalytic
reactions. It also underlines interesting properties of
intermetallic structures and the impact of morphology on
catalysts.
Finally, one should notice that all samples are more active

than pure Cu particles deposited on Al2O3. The Arrhenius plot
for pure Cu particles in a previous work showed high activity
for Cu at high temperatures, in the 230−280 °C range.22 This
is also consistent with previous publications as Cu is not
considered an efficient catalyst for CO oxidation.53−55

It is also very interesting to notice an increase of activity
upon conversion of the large Cu−Pt particles into an
intermetallic solution (Figure 6a). The activity of fresh 9.0
nm Cu−Pt particles is only slightly higher than the measured
activity for pure Pt particles. After exposure to H2 at 800 °C for
1 h, the sample becomes more active as the Arrhenius plot is
shifted to a lower temperature range. The formation of an
intermetallic solution may yield a unique electronic config-
uration more favorable for CO oxidation compared to the Cu−
Pt alloy before annealing.56−58 It should be noted that the
activity of pure Pt/Al2O3 did not change after the same
treatment, as the sample was already fully reduced. We also
performed some calculations using density functional theory
(DFT) with a Vienna Ab initio Simulation Package.59 CO
calculations were corrected for a singlet−triplet correlation

Figure 5. Arrhenius plot shows catalytic activity in the 175−275 °C
range. Large 9.0 nm CuPt particles had the highest activity at low
temperatures, even though the surface area was lower compared to
smaller particles. Both alloys are more active at low temperatures than
pure Pt particles. We speculate that the particular morphology of 9.0
nm particles shown by the STEM analysis is responsible for enhanced
properties.

Table 2. Results of CO Chemisorption for Large and Small
Intermetallic CuPt Particlesa

materials

dispersion according to CO
chemisorption, assuming

Pt/CO is 1:1

calculated dispersion for Pt
particles with the same size as

the CuPt system

9.0 nm
CuPt

17.3% 12%

3.2 nm
CuPt

14.3% 33%

aThe results are compared to Pt particles with the same size.

Figure 6. (a) Arrhenius plot for the 9.0 nm particles after calcination and after a thermal treatment to convert the Cu−Pt particles into an
intermetallic solution (CuPt). The activity increases upon thermal treatment. (b) HAADF-STEM image of the sample before treatment, with no
intermetallic solution. (c) HAADF-STEM image of the sample after treatment, showing the intermetallic ordering.
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error, and O/O2 adsorption calculations were corrected for
Perdew−Burke−Ernzerhof (PBE) over binding of CO.60 The
initial calculations are presented in Figure S9 and show a
potential stable site of CuPt(111) surfaces, which could explain
the high activity. A comprehensive DFT study will be
published in a future publication. Previous DFT studies have
pointed to the higher activity of Cu3Pt and CuPt alloys for CO
oxidation.61,62 This is due to O−O bonds being broken with a
lower kinetic barrier with CuPt(111) compared to pure Pt.
Hence, it allows better interaction with CO and adsorbed O2
and ultimately leads to lower kinetic barriers.
We then investigated the stability of small and large CuPt

particles. First, the analysis is performed on particles exposed
to 800 °C in a 10% H2 atmosphere balanced with He for 1 h to
form an intermetallic solution. The sample was then exposed
to 800 °C in a 10% O2 atmosphere balanced with He for 1 h.
The samples were ultimately re-reduced at 800 °C for 1 h with
a 10% H2 atmosphere with He. Pure Pt particles with an
average diameter of 8 nm were also synthesized and exposed to
the same treatment as the CuPt samples for comparison. The
results are summarized in Figure 7. Images of the particles on
γ-Al2O3 are shown before and after treatment in Figure S10.
Figure 7a shows the activity of pure Pt particles after reduction
(red triangle) and oxidation at 800 °C (blue square). As
expected, the activity is lower after oxidation due to the
formation of PtO or PtO2 on the surface of the particles,
caused by the harsh oxidation conditions. Figure 7b shows the
activity of small CuPt particles after the first reduction (red
triangle), after oxidation (blue square), and after re-reduction
(pink diamond). Oxidized CuPt particles have an activity

comparable to Pt particles after oxidation. However, the
reduced sample displays strong activity after the first and
second reduction cycles. Thus, the small CuPt particles can be
regenerated after exposure to harsh oxidation conditions.
Figure 7c shows the same experiment for large CuPt particles
with similar conclusions. Large CuPt particles can be
regenerated after re-reduction. We also conclude that small
and large CuPt particles have a higher activity for CO
oxidation in the 110−160 °C range compared to 8.0 nm Pt
after a thorough reduction. We also compared our results to
the CO2 formation rate (TOF) on Pt(100) and Pt/silica
surfaces provided in a previous publication.52 Those authors
showed that CO oxidation rates per area on pure Pt are
independent of the surface structure or particle size. They also
showed that the activation energy of the reaction is equal to
the enthalpy of CO adsorption under the conditions in which
we worked due to the fact that the reaction is limited by O2
adsorption onto a CO-saturated surface. We found that CO
oxidation rates on the CuPt intermetallic particles after
reduction were a factor of 5 higher than what would be
expected for pure Pt. The activation energy on CuPt was also
much lower than what we found for pure Pt. This suggests that
the heat of adsorption of CO is weaker on the alloy, so rates
are higher because the surface is not poisoned by CO.
To better understand the stability of CuPt nanocrystals, we

performed in situ STEM-EDS analysis on large particles
(Figure 8). We chose the large nanoparticles as they are easier
to see with in situ STEM. The sample is enclosed in a small
microreactor between two SiN3 windows. This causes a drop in
imaging and EDS quality; hence, it is preferable to analyze the

Figure 7. CO conversion into CO2 at elevated temperatures was used to investigate the stability of small and large intermetallic CuPt particles. The
CuPt particles have a higher activity compared to 8.0 nm Pt particles upon reduction at 800 °C. The CuPt samples can be regenerated after
oxidation by exposure to H2 at 800 °C. (a) Pure Pt particles after oxidation (blue square) and reduction (red triangle). (b) Small CuPt particles’
reduction (red triangle), oxidation (blue square), and re-reduction (pink diamond). (c) Large CuPt particles’ reduction (red triangle), oxidation
(blue square), and re-reduction (pink diamond).

Figure 8. CuPt Particle tracked with in situ STEM during oxidation and reduction at 800 °C. (a) After 1 h reduction at 800 °C. The intermetallic
structure is visible and underlined by the white lines. (b) After 1 h oxidation at 800 °C. No segregation of Cu is visible. One can still distinguish the
intermetallic structure. (c) After 1 h re-reduction at 800 °C. (d) EELS analysis proving oxidation of Cu after exposure to O2 at 800 °C.
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large particles to obtain better data quality. For the in situ
experiment presented in this section, the fresh CuPt particles
had a diameter of 8.6 ± 1.3 nm (a bit smaller than the 9.0 ±
1.1 nm diameter observed on average). After annealing, the
diameter was 8.8 ± 1.9 nm.
The particles were exposed to H2 at 800 °C for 1 h, then

oxidized with O2 at 800 °C for 1 h, and finally re-reduced with
H2 at 800 °C. No substantial segregation of Cu on the surface
could be distinguished. The strong stability is remarkable, as
not all intermetallic structures are always resistant to harsh
environments.53,63,64 It is even possible to distinguish the
intermetallic phase on the particles tracked during the whole
cycle (Figure 8a−c). Additional STEM images of other
particles are provided in the Supporting Information (Figure
S11). During the whole cycle, after oxidation or reduction, an
intermetallic phase in particles can be seen. A comparison was
also performed with pure Cu particles. While Cu particles
easily oxidize at relatively low temperatures (Figure S12), the
intermetallic CuPt structure is substantially more robust and
prevents oxidation of Cu. EELS performed on single particles
revealed moderate oxidation of Cu after exposure to O2 at 800
°C. Cu was then fully reduced after re-exposure to H2 at 800
°C, which offset the effect of O2 exposure. To explain the drop
of activity upon oxidation, one can hypothesize that Pt on the
surface of the particles becomes oxidized and forms PtO or
PtO2. This causes the passivation of Pt and the drop in activity
for CO oxidation. Another option could be the limited
migration and oxidation of Cu on the surface upon exposure to
O2, which will cover the Pt. This point will be discussed in the
in situ XAS experiment shown in the next paragraph.
Nevertheless, the in situ STEM analysis corroborates CO
oxidation measurements shown in Figure 7. Harsh oxidation

does not destroy the intermetallic phase, which explains the
easy regeneration of catalytic properties after re-reduction.
To further investigate the stability of the large CuPt

particles, an in situ X-ray absorption spectroscopy experiment
was performed by analyzing the X-ray near-edge structure
(XANES) as well as the extended X-ray absorption fine
structure (EXAFS). The Cu K and Pt L2 edges were analyzed
during reduction, oxidation, and re-reduction at 800 °C, as
done with the in situ STEM experiment. The results are
summarized in Figure 9, with the XANES and Fourier
transform (FT)-EXAFS data. The XANES and FT-EXAFS
data of the Cu-K edge (Figure 9a,b) clearly show the oxidation
of Cu after exposure to O2 at 800 °C. However, re-reduction at
800 °C with H2 reverses the changes observed after oxidation.
The FT-EXAFS spectra of the Cu-K edge after reduction and
re-reduction (pink and blue plots in Figure 9b) are particularly
interesting, as both spectra nearly overlap. The reduced Cu
data are clearly different from bulk Cu foil XANES, indicating
significant alloying of Cu with Pt (Figure 9a). This is
consistent with our observation with in situ STEM, which
suggests a regeneration of an intermetallic structure and the
reduction of Cu. The oxidation of Cu can be seen in the
XANES with the decrease of a shoulder at the absorption edge
at 8980 eV and the presence of a tall peak around 8995 eV
(Figure 9a). In the FT-EXAFS data, a significant signal
contribution for R = 1.5 Å indicates short Cu−O bonds. The
Pt L2 edge was also analyzed after oxidation and re-reduction
at 800 °C. The XANES and FT-EXAFS data do not suggest a
substantial oxidation of Pt. Hence, the migration to the surface
and the oxidation of Cu may partially prevent the oxidation of
Pt after exposure to O2 at 800 °C. Based on catalytic testing on
monometallic Pt particles, we inferred oxidation of Pt upon

Figure 9. In situ XAS data collected during reduction, oxidation, and re-reduction at 800 °C. (a) XANES of Cu-K edge showing changes in the
valence state of Cu. XANES region of bulk Cu is shown for comparison. (b) FT-EXAFS data for Cu-K edge. (c) XANES of Pt L2 edge. (d) FT-
EXAFS data for Pt L2 edge. No change in the valence state could be detected for Pt.
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exposure to O2 at 800 °C (Figure 7a shows a drop of activity
after oxidation due to the formation of less active Pt oxides).
We assume that copper covers Pt atoms during exposure to
oxygen and ultimately prevents its oxidation.
The in situ EXAFS data were analyzed to determine the

coordination numbers (N), bond lengths (R), and Debye−
Waller factors of Cu−Cu, Cu−O, Cu−Pt, and Pt−Pt bonds.
The experimental data were fitted with a theoretical model to
estimate these parameters, and the results are summarized in
Table 3. The FT-EXAFS of the data with the models for the
Cu-K and Pt L2 edges are shown in Figures S13 and S14.
Additional details about Debye−Waller factors and FT-EXAFS
fits parameters are provided in Tables S2 and S3. The
tendencies of EXAFS data are overall consistent with the
behaviors shown in Figure 8 and provide an analysis on a large
quantity of particles. With in situ STEM, it is only possible to
investigate a small number of particles, while XAS is a bulk
technique. The trend of the EXAFS data after reduction at 800
°C is compatible with the formation of an intermetallic phase.
In fact, NCu−Cu is close to 4, and NCu−Pt is higher. After
oxidation at 800 °C, Cu−O bonds of a Cu2O phase were
detected, while the coordination number for Cu−Pt bonds
dropped to 3.9. This tendency indicates the partial loss of the
intermetallic phase, with segregation of Cu. In addition, the
results for the Pt edge are inconclusive due to Pt oxidation
(NPt−Pt is 7.2 with a high error bar). After re-reduction, the
Cu−Pt coordination number increased again, which suggests
the remixing of Cu and Pt and is consistent with the increasing
volume fraction of an intermetallic phase. Hence, we proved
that the trends seen with in situ STEM are consistent using
ensemble-average techniques and are well in line with changes
in catalytic properties. In situ XAS confirms and complements
the results seen with in situ STEM and provides an ensemble-
average investigation over a large group of particles.

■ CONCLUSIONS
In conclusion, we present a method to synthesize Cu−Pt
nanocrystals with various sizes and crystal structures. A
detailed STEM-EDS analysis of the fresh samples showed
the presence of a Cu-rich core enveloped in a Pt-rich layer.
STEM and XRD analysis showed the conversion of Cu−Pt
particles in intermetallic CuPt particles with annealing at 800
°C. The Cu−Pt and CuPt nanoparticles are stable catalysts
after exposure to oxidative or reductive environments at 400
and 800 °C, respectively. In situ STEM analysis indicates the
stability of fresh non-intermetallic Cu−Pt at 400 °C under H2
or O2. The analysis of the intermetallic phase is further refined
with in situ STEM and in situ XAS. The intermetallic CuPt
phase prevents substantial migration of Cu to the surface and
the formation of a layer of Cu oxide, which would cover and
deactivate Pt. Hence, the effect of oxidation at 800 °C with O2
can be fully reversed after a reduction with H2 at 800 °C. This
study proves that alloyed materials with Cu do not necessarily
oxidize and degrade as quickly as expected and that CuPt

nanostructures can be relevant candidates to reduce the use of
expensive Pt. The stability of the CuPt particles is of great
interest and can be helpful for various chemical processes aside
from CO oxidation.
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Table 3. EXAFS Analysis Results of the Large Cu−Pt Particles Collected during the In Situ XAS Experimenta

NCu−Cu NCu−Pt NCu−O NPt−Pt RCu−Cu (Å) RCu−Pt (Å) RCu−O (Å) RPt−Pt (Å)

fresh 3.1 ± 1.5 5.8 ± 1.8 2.61 ± 0.03 2.65 ± 0.02
reduced 4.9 ± 1.9 5.2 ± 1.4 2.57 ± 0.01 2.64 ± 0.01
oxidized 3.9 ± 2.8 2.6 ± 1.2 7.2 ± 3.5 2.67 ± 0.03 1.86 ± 0.03 2.89 ± 0.02
re-reduced 4.0 ± 1.6 6.2 ± 2.2 2.57 ± 0.02 2.63 ± 0.03

aThe values of σ2 are provided in the Supporting Information.
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