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ABSTRACT: Platinum is the primary catalyst for many
chemical reactions in the field of heterogeneous catalysis.
However, platinum is both expensive and rare. Therefore, it is
advantageous to combine Pt with another metal to reduce cost
while also enhancing stability. To that end, Pt is often
combined with Co to form Co−Pt nanocrystals. However,
dynamical restructuring effects that occur during reaction in
Co−Pt ensembles can impact catalytic properties. In this study,
model Co2Pt3 nanoparticles supported on carbon were
characterized during a redox cycle with two in situ approaches,
namely, X-ray absorption spectroscopy (XAS) and scanning
transmission electron microscopy (STEM) using a multimodal
microreactor. The sample was exposed to temperatures up to
500 °C under H2, and then to O2 at 300 °C. Irreversible
segregation of Co in the Co2Pt3 particles was seen during redox cycling, and substantial changes of the oxidation state of Co
were observed. After H2 treatment, a fraction of Co could not be fully reduced and incorporated into a mixed Co−Pt phase.
Reoxidation of the sample increased Co segregation, and the segregated material had a different valence state than in the fresh,
oxidized sample. This in situ study describes dynamical restructuring effects in CoPt nanocatalysts at the atomic scale that are
crucial to understand in order to improve the design of catalysts used in major chemical processes.
KEYWORDS: in situ STEM-EELS, in situ XAS, atomic resolution, Co−Pt nanocatalysts, dynamical restructuring effects,
bimetallic structures

Pt-based catalysts are common, as Pt satisfies the Sabatier
principle for many reactions.1−3 As an example, Pt is at
the top of the Volcano plot4,5 for the oxygen reduction

reaction (ORR) and the hydrogen evolution reaction (HER).
ORR and HER are the reactions used in fuel cells at the
cathode and the anode, respectively.6−10 Other liquid-phase or
gas-phase reactions that use Pt as a catalyst include formic acid
oxidation,11 CO oxidation,12 methanol oxidation,13 and NOx

reduction.14 These examples show the wide range of
application of Pt as a catalyst. Unfortunately, Pt is one of the
most expensive transition metals. To reduce cost, Pt is often
combined with another transition metal.15−17 A Pt-M
combination can also be advantageous to control the stability
and activity of the catalysts.18−22 It has been shown that certain
crystal surface orientations and stoichiometries can enhance
the activity and selectivity of bimetallic catalysts.23−26 The
shape, size, and composition at the nanoscale affect the

system’s overall catalytic properties, and precise control of
those parameters is key to achieving optimal function.27

For instance, it has been reported that a mixed solution of
Co and Pt is preferable for high activity with the ORR.28−31

Some studies have focused on Pt3Co alloys,32−35 while others
indicate that PtCo is an even more efficient catalyst for these
same reactions.36−38 As another example, synergy between Co
and Pt has been observed for the conversion of ethane and
CO2 into syngas.39 In that study, CoPt particles doubled the
conversion of ethane and CO2, compared to its monometallic
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constituents. In the two examples given above, the mixing of Pt
and Co allows for a reduced usage of precious Pt. However, the
formation of heterogeneities, such as metal segregation within
particles, has not been thoroughly investigated under realistic
conditions. Dynamical restructuring of Co−Pt structures that
are subject to elevated temperatures and either a reductive or
oxidative environment is not well understood. This knowledge
is crucial as it determines the catalytic properties of the sample
while being used for heterogeneous catalysis. For instance,
segregation of Co and Pt can be responsible for reduced
catalytic properties after cycling.40,41 Changes in the valence
state during reaction impacts the electronic configuration at
the sample’s surface and ultimately affects absorption and
desorption energies for gas molecules.42 It is known that
freshly synthesized Co−Pt particles can have compositional
heterogeneities, with partial segregation of Co and Pt.43−45

Exposure of the Co−Pt system to H2 or other nonoxidative
atmospheres at elevated temperatures has been shown to
improve the mixing of Co and Pt, and can lead to the
formation of an intermetallic solution.36,46,47 However, it is not
clear whether some Co remains segregated and oxidized during
and after annealing. This point is important because
incomplete reduction and mixing of Co and Pt will impact
the catalytic properties for HER, ORR, or gas-phase reactions.
Additionally, reoxidation of Co−Pt should return the sample
to a similar configuration as in the fresh sample. However,
potential changes in valence state and Co distribution would
modify catalytic properties upon usage.
In situ analysis can provide valuable insight into the

structural evolution of catalysts. The study of CoPt catalysts
under in situ conditions is necessary to obtain crucial
information about heterogeneous catalysis and cannot be
replaced with standard ex situ methods. Indeed, the study of
metallic catalysts under vacuum at room temperature will be
completely different than their structure under a gaseous
environment at elevated temperature. This is evident from the
Ellingham diagram and the Co−Pt phase diagram in Figure S1.
Here, we utilize a multimodal in situ characterization

approach to track the dynamical evolution of Co2Pt3
nanoparticles supported on an amorphous carbon film. We
chose to characterize a random Co2Pt3 alloy, as intermetallic
solutions have been extensively investigated in previous
work.48,49 We take advantage of recently developed atmos-
pheric pressure electron microscopy methods and extend them
to be compatible with synchrotron X-ray probes. We have
developed this approach in previous work to characterize other
monometallic or bimetallic samples, including Pt, Pd, and Pt−
Ni nanoparticles.50−53 We use this correlative approach here to
understand particle structure and oxidation state changes with
both X-ray absorption spectroscopy (XAS), including X-ray
near-edge spectroscopy (XANES) and extended X-ray
absorption fine structure (EXAFS) analysis, as well as with
scanning transmission electron microscopy (STEM), electron
energy loss spectroscopy (EELS), and energy dispersive X-ray
spectroscopy (EDS).
The sample was enclosed in a small microreactor with an

inner spacing of 1 μm between two 50 nm Si3N4 windows
(Figure 1). One of these windows had a heating coil embedded
and can raise the temperature up to 1000 °C. The microreactor
is then inserted in a dedicated holder that allows a controlled
flow of gases. In this study, H2 and O2 gases were inserted into
the microcell through the holder, and the temperature was
elevated up to 500 °C. Hence, this system allowed us to study

nanocatalysts in realistic conditions instead of observation
under vacuum, as would normally be required in STEM (e.g.,
ex situ).
XAS analysis was performed with a 10 μm beam at the X-ray

Fluorescence Microscope (XFM) beamline at the National
Synchrotron Light Source II at Brookhaven National
Laboratory. This beam size is ideal: it was shown in prior
studies50,52−54 that it is sufficiently large to give a good signal-
to-noise ratio while also being small enough to be focused into
the viewing window. A larger beam will excite other
components in the microcell and ultimately reduce the signal
quality. Conversely, a smaller beam will emphasize problems
with particle distributions within the microreactor that are not
densely packed and thus decrease the X-ray absorption
spectrum quality.

RESULTS AND DISCUSSION
The as-synthesized Co2Pt3 nanoparticles supported on
amorphous carbon were first characterized with ex situ TEM
and X-ray diffraction. The data indicates that the particles are
monodisperse (average size of 3.3 ± 0.3 nm) and are
crystalline (Figure S2). Figure 2a,b shows high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images of the sample at low and high
magnification. The X-ray diffraction (XRD) data in Figure 2c
shows that the particles have the fcc crystal structure [space
group #225, Fm3̅m]. The peaks for (111) and (200) planes are
located at 40.5°and 46.8°, respectively. These values are higher
than the expected peak positions for pure Pt (39.8° and 46.5°),
indicating the incorporation of Co in a Pt fcc lattice, with a
lattice contraction consistent with Vegard’s law. The lighter
contrast from the atoms located at the particle’s outer surface
in Figure 2b indicates preferential segregation of Co, as
HAADF-STEM is sensitive to atomic number ∼Z1.65.55 It is
noteworthy that the segregated Co has a structure that appears
to be consistent with the fcc structure of the alloy. This is even
though the equilibrium structure for bulk Co at room

Figure 1. Schematic of the microcell used for in situ XAS and in situ
STEM. The sample is enclosed between two thin Si3N4 windows
transparent to electrons and X-rays. Gas flows inside the cell
thanks to a dedicated in situ holder. Temperature is elevated with a
microfabricated heating element embedded in one of the windows.
Reprinted (adapted or reprinted in part) with permission from ref
50. Copyright 2015 Wiley-VCH.
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temperature is hcp [space group 186, P63mc]. This is
consistent with the XRD data in Figure 2c. The spatial
distribution of the two transition metals is further characterized
by energy-dispersive X-ray (EDS) spectroscopy, shown in
Figure 3. Pt and Co are mixed in the particle bulk, but
segregation of Co to the surface of the particle is visible,
consistent with the HAADF image shown in Figure 2b.
Corresponding EDS spectra support this conclusion and are
provided in Figure S3. Additional EDS maps of other particles
show that Co segregation happens for most particles (Figures
S4 and S5). Ideally, a fully mixed solution of transition metals
is desired to keep some Pt atoms on the surface of the

particles; the Pt can then interact with gases and catalyze
chemical reactions.56 However, segregation of Co in fresh Co−
Pt particles has been frequently observed.57,58,40 Hence, the
Co2Pt3 sample in this study appears to be broadly
representative of typical Co−Pt systems synthesized for
catalysis. Partial segregation of Co can be due to the synthesis
technique, or it can happen shortly after exposure to air after
the synthesis. Segregation of Co is known to be one of the
causes of catalyst deactivation during ORR.59 Indeed, surface
segregation of Co can fully cover Pt atoms and ultimately
undermine the catalytic potential of the bimetallic system.
Additionally, excessive segregation of Co could lead to a

Figure 2. (a). High-angle annular dark-field (HAADF)-STEM image of the sample. Low-magnification images of the nanoparticles supported
on a carbon film. (b) False-color HAADF-STEM image showing the atomic structure of an individual Co2Pt3 nanoparticle. The lighter
atomic contrast on the outer surfaces of the particle is consistent with Co segregation observed with EDS (c) XRD data confirming the
crystalline structure of the sample and the incorporation of Co into an fcc Pt lattice, as the peaks are slightly shifted compared to a pure Pt
XRD signal, consistent with Vegard’s law.

Figure 3. (a) HAADF-STEM image: The red box indicates the region surveyed with EDS. (b) EDS map showing the distribution of Co and
Pt within a single Co2Pt3 particle. Co is segregated on the surface. Individual elemental maps in (c) and (d) show that the Co and Pt signals
overlap, indicating mixed CoPt in the particle bulk.
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leaking of transition metals within the fuel cell and damage the
membrane in proton-exchange membrane fuel cells
(PEMFC).60,61

EDS data (Figure S6) of Co2Pt3 particles also showed that
segregated Co on the particles’ surface is oxidized. An ex situ
STEM-EELS analysis also indicates a few oxidized Co clusters
scattered on the carbon surface (Figures S7 and S8).
After this initial ex situ TEM analysis, the sample was

enclosed in the microreactor for in situ studies and analyzed
with X-ray absorption spectroscopy (XAS). The experiment
was done at a dedicated beamline for X-ray fluorescence
microscopy (XFM), and fluorescent X-rays were collected. A
microprobe of 10 μm was used to scan the sample while the
temperature and the gas environment were modified. The
setup enables the analysis of sections of the sample at the
micrometer scale and at multiple locations. The specimen was
exposed to H2 and O2 to simulate reductive and oxidative
conditions during reactions. Indeed, it is known that catalysts
can be either reduced or oxidized during the catalytic
process.62,63 Even though some reactions such as ORR and
HER are performed at room temperature (RT), the sample
was studied at elevated temperature to accelerate and amplify
the effects of exposure to O2 and H2. Hence, the experiment
provides an insight into degradation mechanisms occurring
after long usage of the nanocatalysts.64 Additionally, an in situ
study of the sample under H2 at elevated temperature describes
structural changes during annealing, a crucial step often
performed after synthesis to improve the random distribution
of Co and Pt.21,65,66

The temperature was first elevated to 200 °C under a 100%
H2 atmosphere and subsequently elevated by 50 °C increments
every 30 min until a maximum temperature of 500 °C was
reached. The temperature was kept at 500 °C for 2 h. Then,
the sample was cooled to room temperature in an inert
environment using helium, and subsequently exposed to 100%
O2 at a temperature of 100 °C. Again, the temperature was
increased by 50 °C every 30 min until reaching a maximum
temperature of 300 °C. The temperature was kept at 300 °C
for 1 h. The Co K edge at 7708.9 eV was tracked during the
redox cycle. It was not possible to also track the Pt edges as the
microchip contained components with metallic Pt, whose

signal overlapped with the fluorescent X-rays coming from the
sample. We performed analysis of the X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS).
Figure 4 summarizes the main results of the in situ XAS

experiment: Figure 4a presents the kinetics of CoPt particle
reduction and shows an acceleration of the process for
temperatures above 200 °C. The spectra were collected 30 min
after exposure to H2 for temperatures between 200 and 450
°C. At 500 °C, the spectrum was collected after 1 h of
exposure to H2. As compared to the fresh sample, the XANES
during and after reduction displayed a decrease in the white
line intensity and a negative shift of the edge to the metallic
position, which is consistent with the reduction of Co oxides to
metallic species. However, on comparison of the reduced
samples to metallic Co foil (Figure 4b), there is a broadening
of the absorption edge and a larger white line intensity. These
effects are likely attributed to the presence of unreduced Co
oxide species.
Full reduction could not be achieved, even after prolonged

exposure to H2 at 500 °C. In fact, after 2 h under H2, it was not
possible to see further reduction. Figure S10 shows the Co K
edge after 1 h under H2 and 2 h under H2 at 500 °C: both
spectra are nearly identical. Incomplete reduction of Co at
elevated temperature under H2 has been reported in previous
studies.48 Because the XANES-EXAFS data is obtained from
multiple particles at once, it is not possible to determine if Co
oxides are present in all particles or only a fraction of them.
Figure 4c shows the Co2Pt3 Co K edge before exposure to

hydrogen (fresh), after reduction at 500 °C (reduced), and
after oxidation at 300 °C (oxidized). All data were collected at
room temperature after cooling in He. The XANES is useful
for making qualitative conclusions about oxidation state, as the
edge position and shape of the edge peak (i.e., white line) are
directly related to the electronic structure. The Co2Pt3 XANES
spectra (fresh, reduced, and oxidized) were compared to
spectra collected from Co reference standards (Figure 4b).
After oxidation, the edge energy increases, and the white line
intensity increases. The spectrum is not identical to the
spectrum collected at the beginning of the experiment. The
edge energy is slightly higher, and the shape and intensity of

Figure 4. Data from the in situ XAS experiment. (a) XAS data from the Co K edge of the fresh sample as it is progressively reduced when the
temperature is elevated to 500 °C. XAS spectra were collected after 30 min of exposure to H2 at the indicated temperature. Although some
slight reduction is visible at 200 °C, the desorption of O atoms is accelerated at temperatures above 200 °C. (b) XAS data of reference Co
metal and Co oxides. The difference between the reduced sample and Co K edge for metallic Co emphasizes that the sample could not be
fully reduced after prolonged exposure to H2 at 500 °C. (c) XAS data collected for the fresh (oxidized) sample, after reduction at 500 °C, and
after reoxidation at 300 °C. The sample was brought back to room temperature under helium, and the data were used for EXAFS analysis. A
clear change in the edge shape is visible after reoxidation when the spectra are compared to those of the fresh sample. This indicates a
difference in valence state for Co. The edge after reduction at 500 °C in (c) is slightly different from the edge after reduction at 500 °C in
(a). In (c), we collected and merged multiple spectra, and the data were then analyzed with EXAFS fits. Additionally, some slight reoxidation
happened when the sample was brought back to room temperature.
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the white line are different. Upon comparing the XANES in the
oxidized state to Co oxide references, we find that Co has a
valence state similar to Co3O4 (Figures 4b and S9). In contrast,
the majority of the Co in the fresh Co2Pt3 sample is in the +2
oxidation state, as the edge position and shape are almost
identical to that seen in CoO (Figures 4b and S9).
Figure 5 presents the Fourier Transform magnitude EXAFS

(FT-EXAFS) collected from the fresh, reduced, and oxidized
sample at room temperature. The plots are also compared with
the FT-EXAFS of reference samples, to underline the
dominant Co species after each step.
The fresh and oxidized sample feature a short-distance

metal−nonmetal peak (likely due to Co−O bonds in the first
nearest-neighbor shell), and a long-distance metal−metal peak
(Co−M; M is Co and/or Pt, in the second nearest-neighbor
shell). In the oxidized sample, the Co−M peak is split: that
may be explained by the mixing of metallic and oxidized Co
species. After reduction, there is only one metal−metal peak,
which is located approximately at the metallic Co position, as
evident from comparison to the FT-EXAFS Co foil. The Co−
M peak has a slight shoulder between 1.5 and 2 Å that may be
due to Co−O bonding. The position in the Co−M peak is less
than expected for an alloy of 40% Co in Pt and, thus, may
indicate a lack of Co mixing with Pt. EXAFS fitting will be used
vide inf ra to quantify the contributions to the metal and
nonmetal peaks.
For quantitative analysis, conventional EXAFS fitting can be

employed to parametrize the EXAFS oscillations in terms of
local structural parameters. Indeed, Co2Pt3/C is a complex

system with many bonds that could be modeled, such as Co−
Co, Co−O, Co−Pt, Co−C, and Pt−C. It is not possible to fit
the EXAFS data with a model that encompasses all possible
bonds, hence the need to narrow down the starting model with
other experimental characterization. The ex situ STEM data
provided evidence of bulk Co, segregated to the surface of the
particles. Additionally, EXAFS analysis with a limited number
of bonds involving Co oxides and a Co−Pt alloy did not yield
successful results. To simplify the EXAFS modeling, the data
were fitted with a combination of Co species. With this
approach, the EXAFS data were successfully fitted, and the best
models are provided in this work.
The EXAFS data in Figure 4c were fit with a nonlinear least-

squares fitting approach employed by the Artemis program
(details in SI). The best-fit parameters are summarized in
Table 1 and underline the significant differences of the EXAFS
data upon reduction and oxidation. Table 2 provides the
species that were the best fits for the data. The fitted plots in k-

Figure 5. FT-EXAFS collected for the fresh, reduced, and reoxidized sample. The Co K edge was used, and reference signals are also plotted.
(a) FT-EXAFS for the fresh sample, suggesting Co(II) oxide is dominant. (b) FT-EXAFS for the reduced sample. The slight shoulder in the
plot between 1.5 and 2 Å may be due to Co−O bonding. The reference plot for Co metal suggests that most Co has been reduced. (c) FT-
EXAFS for reoxidized sample. A split is visible as Co−O and Co−Co bonds are present. Co(II,III) seems to be the dominant species as the
reference plot overlaps well with the experimental data.

Table 1. Best EXAFS Fitting Parameters: Coordination Numbers N, Interatomic Distances R, and Debye−Waller factors σ2a

state N(Co−Co) N(Co−O) R(Co−Co) R(Co−O) σ2(Co−Co) σ2(Co−O)

Fresh 10 (2) 2.3 (5) 3.00 (1) 2.11 (1) 0.014 (2) 0.002 (3)
Reduced 5 (2) 1.1 (7) 2.56 (2) 2.08 (5) 0.011 (4) 0.011 (4)
Oxidized 7 (3) 0.9 (4) 3.33 (1) 1.94 (2) 0.009 (3) 0.002 (4)

8 (2) 3.46 (3) 0.009 (3)
aThe uncertainties in the last significant digits are shown in parentheses. For the oxidized sample, first-shell oxygens (top) and second-shell oxygens
were fitted.

Table 2. Summary of Best Fits after EXAFS Analysis of the
in Situ Data

sample
dominant Co oxide(s) based on XANES-

EXAFS analysis

Fresh CoO
Reduced under H2 at
500 °C

Co and CoO

Reoxidized under O2 at
300 °C

Co3O4
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and R-space are shown in the Supporting Information (S11).
In the fresh sample, the coordination numbers (CNs) of Co−
O (2.3 ± 0.5) and Co−Co (10 ± 2) are close to what is
expected for bulk CoO (Co−O = 4 and Co−Co = 12). This is
surprising, as the ex situ STEM images showed only a slight
segregation of Co in the fresh sample. Nevertheless, the
EXAFS fit underlines the presence of segregated Co with CoO
as the dominant species, consistent with our ex situ STEM
observations.
After reduction, the CN for Co−Co bonds is lower. This

shows better incorporation of Co with Pt upon exposure to H2
at elevated temperature, consistent with previous observations
in the literature.66 It is also interesting to notice the incomplete
reduction of Co, as Co−O bonds (1.1 ± 0.7) could be
detected after exposure to H2 at 500 °C.
The sample is then quickly reoxidized to a valence state

similar to Co3O4 upon exposure to pure oxygen. The average
CN for Co−O and Co−Co bonds increases upon reoxidation,
indicating segregation of cobalt. However, the CN for Co−Co
bonds remains well below 12, suggesting that the segregated
Co volumes have a relatively limited size. Hence, it is
reasonable to assume large regions in the sample where Co
and Pt remain partially mixed even after reoxidation. Indeed, if
Co were fully segregated, it should have a CN close to 12, as
most Co atoms inside the bulk would have 12 Co nearest
neighbors (see Table S1 for local parameters for bulk Co
references). However, it is difficult to know from the EXAFS
data the magnitude of Co segregation upon reoxidation of the
sample. Indeed, the Co−Co coordination number increased to
an average of 7 for the Co3O4 phase. In contrast, it was 5 for
Co−Co bonds in CoO. However, the spatial distribution of

oxides within the sample cannot be known, solely based on
XANES-EXAFS analysis. Additionally, changes in morphology
are difficult to track with XAS for a complex system. Finally,
the 10 μm X-ray beam provides representative data for
thousands of particles, and it is impossible to determine the
dynamic restructuring effect for individual particles. Hence, in
situ XAS offers valuable insight into the sample at the micron
level, but it is not possible to determine phenomena at the
nanoscale.
To summarize, XANES-EXAFS indicates changes in the

valence state of Co during the redox cycle. As expected, the
oxidation number of Co is lowered upon reduction, although
some oxides remain. After reoxidation, cobalt has a higher
oxidation level than at the beginning of the experiment. EXAFS
fitting suggests the presence of a CoO oxide at the beginning
and a Co3O4 oxide after reoxidation. Previous studies indicate
that formation of a Co3O4 phase after oxidation at 300 °C is
thermodynamically possible.67−69 The analysis of the coordi-
nation number for Co−O bonds in the oxide regions detected
by EXAFS indicates an increase in the overall amount of
oxidized cobalt compared to the fresh sample. However, the
morphology and distribution of spatial heterogeneities remain
unknown.
In order to investigate how restructuring occurs at the

nanometer to atomic scale, an in situ STEM-EELS experiment
was performed. The sub-Å resolution of the electron beam
allows us to characterize individual particles at the atomic
scale. EDS and EELS data provide chemical information, and
HAADF-STEM images visually track changes in morphology
and the formation of heterogeneity within the particles.

Figure 6. Ex situ and in situ atomic resolution images of Co2Pt3 particles during the redox cycle. (a,b) Atomic resolution HAADF-STEM
images (ex situ) of fresh Co2Pt3 particles showing partial segregation of Co to the edges of the particles. (c,d) Atomic resolution HAADF-
STEM images (in situ) of Co2Pt3 particles after reduction at 500 °C. No region of lighter atomic contrast is observed on the surface,
indicating an improved mixing of Co and Pt. (e,f) Atomic resolution HAADF-STEM images (in situ) of CoPt particles after oxidation at 300
°C. A shell of Co oxide is observed on all particles. The crystal structure is different in the shell than in the core. Additionally, EELS data
(Figure 7) indicate the oxidation of cobalt.
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The same microreactor setup was used in a transmission
electron microscope operating in STEM mode (JEOL
NEOARM). Also, the same experimental procedure was
performed after fresh samples were loaded into the reactor:
exposure to H2 at the same temperature ramp to 500 °C
followed by reoxidation under O2 at 300 °C. The EELS spectra
of O K (529 eV loss) and Co L2,3 edges (779 eV loss for L3,
794 eV loss for L2) were tracked during the high-temperature
gas exposures. The Pt M4,5 edges (2122 eV for M5 and 2202
for M4) were also obtained (Figure S12). In order to obtain
the EELS spectra, the cell was purged with N2 to eliminate the
contribution of gaseous oxygen to the spectra.
Figure 6 shows atomic resolution HAADF-STEM images

demonstrating structural changes within particles after
reduction at 500 °C and reoxidation at 300 °C. It was not
possible to observe segregated Co after reduction, in contrast
to the observations in the fresh sample: no regions in the
particles with light atomic contrast could be identified. After
reoxidation at 300 °C, substantial segregation of Co was
observed with the formation of a core−shell structure (Figure

6e and f). In Figure 6f, it is possible to see a different atomic
arrangement for the shell than for the core, indicating a
difference in crystal structure. One can assume that the shell is
mostly Co3O4 [space group #227, Fd3̅m] and the core remains
a Co−Pt random alloy [space group #225, Fm3̅m]. Subsequent
EELS analysis revealed the presence of oxygen in the sample,
consistent with the conclusion that the shell is composed of Co
oxides. It is interesting to notice that Co oxide appears to fully
enveloping the Co−Pt core from this image orientation.
Hence, reoxidation leads to increased segregation of Co to the
surface compared to the fresh sample, with Pt mainly confined
in the core. Thus, it can be expected that the sample will have
inferior catalytic activity for reactions catalyzed by Pt after
exposure to oxygen.
The chemistry of the sample was investigated with EELS.

Figure 7 shows the O K edge and the Co L2,3 edge at the
beginning of the in situ analysis, after reducing 2 h at 500 °C
and after oxidation for 1 h at 300 °C. The cell was purged with
nitrogen before every EELS measurement. To collect the O K
edge, a single EELS map was performed on a group of 30 to 40

Figure 7. In situ EELS analysis of the sample. (a) O K EELS edge of 30−40 particles in the fresh sample, after reduction at 500 °C and after
reoxidation at 350 C. The signal is from both the sample and the cell’s windows. The appearance of a pre-edge feature upon reoxidation is
exclusively from the sample. It indicates the formation of a highly oxidized phase that was not present at the beginning of the experiment.
(b) Co L2,3 EELS edge of 30−40 particles in the fresh sample, after reduction at 500 °C and after reoxidation at 350 C. The observed
increase of the L3/L2 ratio indicates the reduction of Co. The observed increase of the L3/L2 ratio indicates oxidation of Co. (c) In situ EELS
analysis of individual particles after reduction at 500 °C. No major change in either shape or L3/L2 ratio was observed, indicating a uniform
reduction of individual particles in the sample.
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particles on the amorphous carbon support in order to obtain
high signal intensity. The O K edge is a relevant parameter to
track during in situ analysis as it contains many subtle features
that can help distinguish electronic configuration in transition
metals. In this study, the O K signal arises from both the
oxygen contained in the Co−Pt sample (Figure S4) and the
windows of the microcell. Indeed, the Si3N4 windows contain
traces of SiO2. The O K edge of the windows, without any
sample or gaseous oxygen in the cell, is shown in Figure S13.
The spectra did not change during the experiment, indicating
that the SiO2 phase was unmodified during the redox cycle.
Hence, changes in the collected O K edge, resulting from the
sample and the windows, are exclusively attributed to the shifts
in oxidation state in the sample.
In Figure 7a, it is possible to see the appearance of a pre-

edge peak (1) upon reoxidation of the sample. This indicates
that the particles are more oxidized after reoxidation than at
the beginning of the experiment. This observation is consistent
with the in situ EXAFS analysis.70 Indeed, the pre-edge peak
(1) corresponds to transitions from the O 1s state to a
hybridized state of O 2p and 3d orbitals in heavily oxidized
transition metals (above +2).70 Previous work also indicates
that Co with a low oxidation state does not display a prepeak
feature for the O K edge.71−73 Thus, we can conclude the
formation of a highly oxidized phase upon reoxidation of the
sample that was not present in the fresh sample. The only
stable candidate for a Co phase with higher oxidation state
than CoO would be Co3O4. The other potential candidate

would be Co2O3, but it is unstable and tends to decompose
into other Co oxides, including Co3O4.

74 Additional sources
also indicated the stability of Co3O4 under O2 at elevated
temperature (Figure S14). The EXAFS data are consistent with
this conclusion.
Maps collected from a large group of particles indicate the

presence of the pre-edge feature for a large majority of
particles. However, some particles did not display the prepeak,
indicating that there are spatial heterogeneities in the valence
states upon reoxidation (Figure S15).
The L2,3 edges of Co at 779 and 794 eV were also analyzed.

As with the O K edge, a group of 30 to 40 particles was
analyzed to collect sufficient signal. The L3/L2 ratio for Co
changes very modestly in these experiments. It is higher for the
reduced sample (the ratio is 1.55) and slightly lower when
oxidized (the ratio is 1.42). This is consistent with previous
publications, as metallic Co should exhibit a higher L3/L2 ratio
than oxidized Co.75−77 Additionally, oxidized Co has a deeper
trough between L3 and L2 than metallic Co, which is also
evident in the spectra of Figure 7b. Thus, the EELS data
indicate effective reduction of Co upon exposure to H2 at 500
°C, as expected, and it is consistent with the XANES results
discussed above.
To determine local heterogeneities in the valence state

between Co2Pt3 particles after reduction, we performed in situ
EELS analysis of the Co L2,3 edge of individual and isolated
particles. Figure 6c shows the EELS spectra of four particles.
There are no substantial changes in the shape or L3/L2 ratio

Figure 8. EDS analysis of two isolated particles after reduction at 500 °C. (a) First particle with EDS spectra for Co, Pt, and O. No oxygen
signal could be detected from the particles and uniform mixing between Co and Pt was achieved. (b) Analysis for a second particle
underlining that the particle shown (a) is not an outlier.

Figure 9. Particle migration and coalescence during reduction at elevated temperature. The exposure to heat explains the formation of
clusters of particles observed. These aggregates are more difficult to reduce than isolated particles. (a) Co2Pt3 particles supported on C at
100 °C. (b) Same region after 30 min exposure to H2 at 500 °C. (c) Same region after 90 min exposure at 500 °C.
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between the particles. This indicates that the reduction of Co
in isolated CoPt particles is broadly uniform. Furthermore,
EDS maps were obtained on particles 3 and 4 (Figure 8) and
indicated no significant presence of oxygen. The corresponding
EELS maps for the O K edge are provided in Figure S16 and
also do not show the presence of oxygen. Additionally, it was
possible to see a uniform mixing of Co and Pt, with no
segregation of Co on the edges.
To conclude, reduction affects isolated Co2Pt3 particles in a

similar way: full reduction was achieved, and no segregation of
Co was observed.
Since the EXAFS data suggest the presence of cobalt oxides

even after reduction at 500 °C, multiple areas were investigated
with EELS, and oxygen could be detected on clusters of
particles. Indeed, the exposure of the sample to elevated
temperature favored particle migration and coalescence
(PMC), leading to aggregates of particles, as shown in Figure
9. Exposure to elevated temperatures leads to PMC and
aggregation of particles in areas initially containing a large
number of particles.
An EDS analysis of another similar region showed the

presence of oxygen as well as segregation of Co and Pt (Figure
10). The presence of oxygen is also confirmed by an EELS map
(Figure S17). Hence, it is possible to reconcile the EELS data
with the XANES-EXAFS analysis: for isolated particles, it was
not possible to detect oxygen or segregation of Co after
reduction at 500 °C. However, the coalescence of particles and
the formation of clusters on the carbon support can prevent

the complete reduction of Co and its incorporation into a Co−
Pt random alloy. STEM-EELS analysis revealed morphological
and compositional heterogeneities at the nanoscale that explain
and complement the XANES-EXAFS analysis.
In addition, XANES-EXAFS suggested segregation of Co

upon reoxidation. This can be seen on individual particles
(Figure 6), but it is also a phenomenon observed for clusters of
particles. In situ EDS on aggregated particles shows substantial
segregation of Co upon reoxidation of the sample (Figure 11).
A map collected from a 120 nm × 60 nm area detects a strong
signal for two clusters of Co formed after reoxidation (yellow
arrows). It shows that Co migrates outside the mixed Co−Pt
phase and forms larger volumes of cobalt-rich phase. The
coalescence of particles and formation of larger regions of Co
shown in Figure 10c is likely an irreversible process and would
be expected to degrade the performance of Co−Pt catalysts.
Figure S18 shows further evidence of Co “leaking” outside the
CoPt particles. If pure Co particles are formed, separated from
the CoPt particles, then the process is very likely irreversible.
Additionally, large volumes of cobalt may envelop Pt. Hence,
the segregation of cobalt and platinum destroys the desired
bimetallic configuration, which requires Pt atoms to be well
distributed on the surface.
Thus, we identified two phenomena preventing the

optimization of Pt in Co−Pt systems after exposure to O2 at
elevated temperature: first, the formation of a core−shell
structure, as shown in Figure 6, and second, coalescence of
particles followed by formations of large regions of oxidized Co

Figure 10. In situ STEM analysis from a cluster of particles after reduction at 500 °C for 2 h. (a) In situ imaging of the region surveyed for
EELS and EDS analysis after the reaction. (b) Combined EDS maps of Co and Pt after reduction: a certain level of Co segregation is
observed. (c) EDS map of oxygen underlines the presence of O in clusters of particles after reduction at 500 °C. EELS confirms the presence
of oxygen. The XANES-EXAFS analysis suggested the presence of oxides after reduction. STEM-EDS/EELS analysis shows that oxides are
not present in isolated particles but form during the aggregation of particles during the experiment.

Figure 11. STEM-EDS analysis of a region containing a large number of Co2Pt3 particles, after reduction at 500 °C and after reoxidation at
300 °C. (a) HAADF-STEM image of the analyzed region with the red box indicating where EDS was performed. (b) Combined EDS maps of
Pt and Co after reduction at 500 °C. Both transition elements are partially mixed and partially segregated as the intensity of the Co and Pt
signals does not overlap perfectly. (c) Combined EDS maps of Pt and Co after reoxidation at 300 °C. A stronger EDS signal for Co appears
for the two regions indicated by the yellow arrows. It shows segregation of Co that would have been difficult to conclude solely based on a
XANES-EXAFS analysis. The Co regions appear to be relatively large and could only be found in areas with aggregates of particles.
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as shown in Figure 10. This observation would have been
challenging to deduce from the XANES-EXAFS results: the
variety of Co phases (metallic, oxides, Co−Pt solutions) makes
it difficult to conclude this solely based on EXAFS data. Hence,
STEM-EELS/EDS is a complementary technique to XAS and
is relevant to achieve a comprehensive understanding of the
catalyst at multiple length scales.

CONCLUSION

We have utilized two complementary experimental ap-
proachesin situ XAS and STEMto characterize the
dynamic restructuring that occurs in supported bimetallic
Co−Pt nanoparticles during reduction and oxidation. After
exposure to H2 at 500 °C for 2 h, XAS analysis (XANES and
EXAFS) shows that Co cannot be fully reduced. The STEM-
EELS analysis confirms this and shows that Co remains
oxidized in clusters of particles, with some coalescence of bulk
Co. In contrast, small and isolated particles could be fully
reduced after the same treatment and had no additional
segregated Co. After exposure to O2 at 300 °C for 1 h, the
valence state of Co was not the same as in the fresh sample.
XANES-EXAFS and STEM-EELS analysis suggests the
presence of Co3O4. Additionally, segregation of Co within
particles and in clusters of particles was observed during the
process. HAADF-STEM showed that the shell of the particles
is mostly Co oxide, reducing the desirable exposure of Pt
atoms on the surface. This study demonstrates that the advent
of recent in situ methods, high-brightness and focused X-ray
sources, aberration-corrected TEM, and direct electron
detection cameras enables the multimodal study of bimetallic
catalysts with high precision.78,79 Furthermore, the use of
complementary, multimodal experimentation allows a deeper
understanding of the heterogeneities present in catalysts
subject to reaction conditions. These experimental methods
allow the design of more active, selective, and stable structures
for heterogeneous catalysis.80,81

EXPERIMENTAL METHODS
Synthesis. Co2Pt3 NPs are synthesized based on a previously

reported method.48 Platinum(II) acetylacetonate (0.67 mmol, Acros
Organics, 98%) was dissolved in a solution of oleylamine (41 mL,
Sigma-Aldrich, 70%) and 1-octadecene (16 mL, Acros Organics 90%).
The reaction mixture was kept at 80 °C for 30 min under vacuum and
then heated to 300 °C under a nitrogen atmosphere. Dicobalt
octacarbonyl (0.3 mmol, Co2(CO)8, Acros Organics, 95%) was
dissolved in 3.2 mL 1,2-dichlorobezene (Acros Organics, 99%) and
injected into the reaction mixture at 170 °C. The reaction mixture was
heated to 300 °C at a rate of 10 °C/min. After 30 min, the reaction
mixture was cooled to room temperature. The resulting NCs were
then purified by precipitation with ethanol and centrifugation at 8000
rpm for 3 min. The precipitate was washed three times with hexane/
ethanol (1:3) mixtures and the final NCs were dispersed in hexane.
To prepare Co2Pt3/C, the as-synthesized NPs, dispersed in hexane,
were mixed with carbon powder (Cabot, Vulcan XC72R) to a loading
of 10 wt % metal. After sonication for 1 h, the solution was
centrifuged at 8000 rpm for 1 min. The supernatant was removed, and
the precipitate was washed twice with acetone, followed by
centrifugation. After drying each sample in a vacuum oven overnight
at 50 °C, the samples were first treated with an O2 plasma cleaner
(Harrick Plasma) for 15 min, then transferred for 1 min into a muffle
furnace that had been preheated to 500 °C to remove surface
ligands.48

Transmission Electron Microscopy. Scanning transmission
electron microscopy (STEM) was performed with an aberration-
corrected JEOL NEOARM, operating at 200 kV. A condenser lens

aperture of 40 μm was used. For imaging and EDS, a camera length of
4 cm and a probe current of 150 pA were used. For EELS, a camera
length of 2 cm and a probe current of 500 pA were used. For EELS
spectra in Figure 7c, the probe current was elevated to 1000 pA. EELS
data were collected with a Gatan K2 camera, a direct-detection
camera, to obtain the best signal-to-noise ratio (SNR). A GIF aperture
of 5 mm was used, and the energy dispersion was 0.25 eV for all EELS
data. For in situ studies (XAS, EELS), an environmental holder for
gas-heating experiments manufactured by Hummingbird Scientific
was used. The sample was enclosed in a microchip made of two 50
nm Si3N4 windows. The lower window contains a heating coil to
elevate the temperature inside the cell. The mass flow of gases was
controlled with a gas system and a software provided by Humming-
bird scientific. The flow rate was 5 sccm at all experiments were
carried out under 1 bar. For the in situ experiment, the temperature
was increased by 50 °C every 30 min and ultimately kept at 500 °C
for 2 h. All EELS data were taken at the indicated temperature, and
the cell was purged with N2.

EDS and EELS can be performed simultaneously during the STEM
in situ analysis. Generally, the use of atmospheric pressure gas holders
leads to a decrease in the signal-to-noise ratio (SNR) and a reduction
in the image resolution. However, in this study, we have used a both a
fifth-order optimized, probe-corrected STEM (JEOL NEOARM) and
direct electron detection camera (Gatan K2-IS) at the end of the
EELS spectrometer to enhance our signal-to-noise, compensating for
the impact of the deleterious scattering of electrons by the two Si3N4
windows.78 In situ EDS was also improved through the use of two
large-area silicon drift detectors,82 and by slightly tilting the holder to
maximize the X-rays counts on the detectors located above the
sample.83 Long exposure to the electron beam was avoided to limit
beam-induced effects. Indeed, the amorphous carbon as well as the
cobalt were particularly sensitive to prolonged imaging and spectros-
copy analysis. Hence, we limited the time of EDS/EELS acquisition
on each area to provide accurate and representative results. Several
regions and many particles were analyzed to ensure that the observed
dynamical restructuring effects were exclusively the results of the
environment exposure and no electron irradiation.

Figures S19 and S20 provides additional evidence of the necessity
to perform an in situ diagnostic of this sample. Exposure to air leads to
reoxidation of cobalt and formation of oxygen-rich structures on the
carbon film supporting the particles. Thus, it is not possible to treat
the particles in a reactor, collect the sample, and perform an ex situ
analysis, as exposure to air will modify the sample.

X-ray Fluorescence Microscopy. XFM was performed at
Brookhaven National Laboratory (BNL) at the 4-BM (XFM)
beamline of NSLS-II. The Co K edge (7709.8 eV) was measured
with the sample enclosed in the microchip and the environmental
holder provided by Hummingbird Scientific. The gas flow was
controlled with a mass flow controller and set to 5 sccm. All in situ
data were obtained with a pressure of 1 bar. XFM data were plotted
and analyzed with the Athena/Artemis of the Demeter Package. The
amplitude reduction factor So2 was 0.875, and all data were collected
in fluorescence mode. The beam size was 10 μm and was
monochromated by an Si(111) crystal pair. The energy range of
the beamline was 4−20 keV. For the in situ experiment, the
temperature was increased by 50 °C every 30 min and ultimately kept
at 500 °C for 2 h. XANES data (Figure 4a) were taken at the
indicated temperature, under H2 exposure. For EXAFS analysis
(Figures 4c and 5), the sample was cooled to room temperature and
the cell was purged with helium before data collection.
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