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ABSTRACT: Ternary alloy catalysts outperform their binary counterparts in many
reactions although the direct observation of structural evolution under reaction
conditions to understand the structure—performance relationship significantly lacks.
In situ transmission electron microscopy at atmospheric pressure provides a great
opportunity to uncover dynamic structure and composition changes of ternary alloy
nanoparticles. In this work, the atomic-scale elemental diffusion and surface
reconstruction of ternary octahedral Pt,CuNi alloy nanoparticles in an oxidative
environment at elevated temperatures are reported. Combining them with multiple
characterizations and numerical simulation, it is revealed that the oxidative condition
induced the lattice atom diffusion, which leads to the NiO, major/CuQO, minor
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surface oxide layers accompanied by surface restructuring and lattice rearrangement.

Further analysis helped to establish the numerical model and visualize the atom distribution variation in the restructuring
process. Also, the model catalytic test of the oxygen reduction reaction demonstrates that the catalytic performance of ternary
Pt,CuNi alloy nanoparticles can be tuned through oxidative treatment.

B INTRODUCTION

Pt—M (M = transition metals) binary alloy nanoparticles are
regarded as one of the important catalytic nanomaterials owing
to their outstanding catalytic performances and thus are widely
employed in catalyzing the oxygen reduction reaction (ORR),
hydrogen evolution reaction (HER), methanol and formic acid
oxidation, CO preferential oxidation reaction, and so on, which
are considered as promising solutions to current environmental
problems and possible depletion of fossil fuels.'~'* Recently,
the ternary Pt—M—N alloys that involve one more transition
metal compared to the binary systems are found to outperform
their binary counterpart in various reactions. For example,
ternary Pt—Cu—Ni nanoparticles show significant enhance-
ment of the ORR activity at the cathode of polymer electrolyte
membrane fuel cells (PEMFCs) compared with the binary Pt—
Ni catalyst.'”> Ternary Pt—Rh—Ni nanocatalysts are found to
better facilitate the ethanol oxidation reaction (EOR) in direct
ethanol fuel cells (DEFCs) compared with the state-of-the-art
catalyst.'*

For the binary alloy system, people have already made
progress in the study of surface elemental distribution and
atomic configuration of Pt—M alloy nanoparticles for under-
standing and designing optimal nanocatalysts. Gan et al
revealed the preferential distribution of Ni on the Pt-Ni (111)
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surface via transmission electron microscopy (TEM).15
Menning et al. predicted the segregation of 3d metals to the
top {111} surfaces of Pt—M systems in the presence of oxygen
by using density functional theory (DFT) calculations.'®"”
However, when it comes to the ternary alloy system, many
open questions still remain unresolved, for example, surface
elemental distribution of different transition metals, segrega-
tion difference of multiple transition metals, and their
restructuring behavior under reaction conditions. Unfortu-
nately, due to the complexity, it is notable that very few studies
are focusing on the surface elemental distribution and atomic
arrangements of ternary Pt-based alloy nanoparticles, which are
crucial to their enhanced catalytic performances compared
with their binary counterparts.'® This urges the exploration of
ternary Pt-based alloy system under reaction conditions to
light up the pathway of ternary alloy catalyst development.
On the other hand, most of the studies rely on ex situ
characterization techniques to study the evolution of surface
elemental distribution, and thus, the valuable intermediate
state and dynamic kinetic information is missing by only
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comparing the initial and final states of the samples. In this
regard, it is more convincing and efficient to study the catalyst
dynamics with in situ techniques. For instance, Somorjai et al.
reported the gas atmosphere-driven structure and composition
changes of core—shell bimetallic nanoparticles using ambient-
pressure X-ray photoemission spectroscopy (AP-XPS)." Chen
et al. studied the dynamic surface restructuring of a Au catalyst
using optical microscopy with molecular fluorescent markers.*’
Toney et al. tracked the surface evolution of particles using an
in situ X-ray imaging technique.”' Yang et al. demonstrated the
structure evolution of PtNi; nanopolyhedra to Pt;Ni nano-
frames using in situ X-ray absorption spectroscopy (XAS) and
synchrotron-based X-ray diffraction (XRD).*

Recent development of in situ scanning transmission
electron microscopy (STEM) offers an opportunity to image
atomic-scale structure evolution of nanocatalysts in real time
under atmospheric synthesis/reaction conditions.”*”>* Here,
we utilized this advanced technique, in combination with XRD,
XAS, XPS experiments, and numerical simulation, to
investigate the evolution of the surface elemental distribution
and atomic configuration of ternary Pt,CuNi alloy nano-
particles in an oxidizing environment, which is typical for the
oxidation reaction conditions. Deeper insights regarding the
segregation and diffusion of Ni and Cu atoms on the
nanoparticle surface are obtained at atomic resolution in this
work, where the NiO, major/CuO, minor surface oxide layers
are unveiled. These interesting findings provide useful
information for a better understanding of the structure—
property relationship and future attempts at surface engineer-
ing of ternary Pt-based nanocatalysts.

B EXPERIMENTAL SECTION

Materials and Methods. Materials. Platinum acetylacetonate
(Pt(acac), 97%), nickel acetylacetonate (Ni(acac),, 95%), and
copper acetylacetonate (Cu(acac),, 99.99%) were purchased from
Sigma-Aldrich. A carbon support (C, Vulcan XC-72R) was purchased
from Cabot. Chloroform (CHCl;, 99.9%) was purchased from Fisher
Scientific. Hydrogen (H,, 99.999%), carbon monoxide (CO,
99.999%), and nitrogen (N,, 99.999%) gases were obtained from
Praxair. For in situ experiments, the N, and O, gases were of
99.9995% purity.

Preparation of Octahedral Pt,CuNi/C Nanoparticles. The
octahedral Pt,CuNi/C uniform alloy nanoparticles were prepared
using a modified solid-state chemistry method as reported before.* In
a typical experiment for preparing the octahedral Pt,CuNi/C (20 wt
% Pt), C was thermally treated in air at 300 °C overnight for
removing moisture before use. Pt(acac), (40 mg or 0.1 mmol),
Ni(acac), (13.1 mg or 0.05S mmol), and Cu(acac), (13.3 mg or 0.0S
mmol) were first dissolved in chloroform (4 mL), and the solution
was then added dropwise onto the pretreated C support (80 mg)
under vigorous stirring. After impregnation, the mixture was
immediately transferred to a furnace, which was then purged with
N, flow for 20 min. The mixtures were reduced by heating at a
ramping rate of 1S °C/min to 200 °C and maintaining at the
temperature for 1 h in H,/CO (5/120 cm?/min). The gas
atmosphere was switched back to N,, and the product was cooled
down to room temperature after the reaction is complete. The
samples were then collected and stored in N, before in situ STEM
experiments.

In Situ Gas-Phase STEM. The in situ gas-phase scanning
transmission electron microscopy (STEM) study was performed on
a JEOL 3100-ROS microscope with double spherical aberration (Cs)
correctors and equipped with a Protochips Atmosphere system.” In a
typical procedure, the as-prepared sample was dispersed in anhydrous
methanol and then deposited directly onto a thermal E-chip, which is
equipped with a thin ceramic heating membrane controlled by the
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Protochips Atmosphere system. A second E-chip window was then
placed on top of the thermal chip in the holder, creating a thin gas
cavity sealed from the high vacuum of the TEM column. The sample
was situated between two SiN membranes, each with 30—50 nm
thickness, with a S gm gap in between as shown in Figure S1. The
operation accelerating voltage was 300 kV with a small probe current
of 20 pA to minimize the beam effect (details in the Supporting
Information),”” and the heating temperature for the gas cell was 300
°C (the reported temperatures are based on Protochips calibration)
with 150 Torr high purity O, and 610 Torr high purity Ar at a total
pressure of 1 atm (760 Torr). The electron energy loss spectroscopy
(EELS) line scan of different reacted samples was acquired with
Gatan #965 Quantum Imaging filter (GIF).

XAS Experiments. X-ray absorption spectroscopy (XAS)
measurements, including extended X-ray absorption fine-structure
spectroscopy (EXAFS), and X-ray absorption near-edge structure
spectroscopy (XANES), were conducted at the Cu K (8979 eV), Ni K
(8333 eV), and Pt L, (11564 eV) edges at the beamline 10-BM of the
Materials Research Collaborative Access Team (MRCAT) at the
Advanced Photon Source (APS) at Argonne National Laboratory. Cu,
Ni, and Pt foil spectra were acquired simultaneously with each
measurement for energy calibration. The XAS spectra were recorded
in transmission mode. The samples were pressed into a cylindrical
holder, which can hold six samples simultaneously. The loading of the
sample was optimized to achieve a step height of 1 (an empirical
number represents the ratio of incident X-ray energy over transmitted
X-ray energy for optimal signal-to-noise ratio at the beamline).

Electrochemistry Test. The oxygen reduction reaction activities
of the oxidation-treated samples were evaluated through a typical
three-electrode configuration as reported previously. In brief, 1 mg_,./
mL ink was firstly prepared by ultrasonically dispersing the catalyst in
mixed solvent (V. e/ Visopropanol/ Vsss Nafion = 6:4:0.04), and 10 uL of
the ink was drop-coated onto a polished rotating disk electrode
(RDE) (@ = S mm) and dried (catalyst loading is ~51.0 g cm™2).
The thin film RDE was mounted onto a rotation controller
(AFMSRCE, Pine Instrument Co.) as the working electrode. A
platinum wire is used as the counter electrode, and the reference
electrode is a HydroFlex reference electrode (ET070, Edaq Inc.). The
electrochemical data was recorded through a CHI 760D electro-
chemical workstation (CH Instruments, Inc.). The electrochemically
active surface area (ECSA) was measured in Ar-purged 0.1 M HCIO,
solution. Briefly, CV data were collected in the potential range of
0.04—1.0 V at a scan rate of S0 mV/s. The ECSA value was obtained
by integrating the hydrogen adsorption signals at ~0.04 to 0.40 V
with the equation ECSA(ecmp?) = ([ g:)‘i"ldE)/vQ, where I is the
current (A), E is the potential (V), E,,,, and Eyig are the integration
potential range (V), v is the scan rate (V/s), and Q is the charge
density transferred accounting for hydrogen adsorption on Pt (210
uC/cm?p,). The ORR activity test was performed in O,-saturated 0.1
M HCIO, solution in the potential range of 0.2—1.0 V with a linear
sweep voltammetry (LSV) technique at a scan rate of 10 mV/s and
RDE rotation speed of 1600 rpm. The specific activity is calculated at
0.9 V (vs RHE) and normalized to ECSA.

Characterizations. X-ray diffraction (XRD) was performed after
the samples were treated in the proposed condition, and data were
collected on a Bruker AXS Dimension D8 X-Ray diffractometer
operating at 40 kV and 35 mA (Cu Ka, 4 = 0.154184 nm). The
energy-dispersive X-ray spectroscopy (EDS) line scan/mapping was
recorded using an FEI Tecnai G2 F20 microscope operating at 200
kV. The numerical modeling and visualization were accomplished by
the R programming language using the open source packages plot3D
and Rgraphics with function image2D and persp3D.***!

B RESULTS AND DISCUSSION

Ternary octahedral Pt,CuNi alloy nanoparticles were synthe-
sized via a modified solid-state chemistry method (more details
are provided in the Supporting Information) and characterized
via aberration-corrected STEM (AC-STEM).'** Images in
the first column of Figure 1A,B exhibit representative bright-
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Figure 1. (A) Sequential in situ bright-field and (B) corresponding HAADF images of the Pt,CuNi octahedral nanoparticle exposed to the
oxidative condition. (C) False-color BF-STEM images of one representative (111) facet showing oxidative evolution. (D) Three regions for FFT
analysis (inner bulk, interior layers, and oxide layers) with the resultant FFT patterns, and (E) corresponding time-dependent d spacing profile. (F)
Atomic view of fully relaxed metal oxide layers on the alloy surface and the schematic interface model (red: O; blue: Ni/Cu; gray: Pt/Ni/Cu).

field (BF) and high-angle annular dark-field (HAADF) STEM
images of as-prepared Pt,CuNi nanoparticles at the initial state
(denoted as t = 0 s) under 150 Torr of O, (to mimic the
oxygen partial pressure of air) at 300 °C, which clearly exhibits
an octahedral shape with well-resolved {111} lattice fringes. It
also reveals the existence of terraces and steps on the edge, as
well as some tiny surface oxidation evidenced by the slightly
blurred facet, which could be ascribed to the short-time
exposure to air during STEM sample preparation. Notably, the
electron dose was reduced to minimize the possible beam
effect according to our previous work.” After 328 s of
exposure to the oxidative condition, distinct oxide layers (low-
contrast layers on the surface) can be observed forming on the
octahedra surface, which are identified as mostly NiO, using
XPS and XAS techniques in the following characterizations.
With an increase of the oxygen annealing time, the oxide layers
become even thicker on those planes, and the sharp corners
and surface concaves gradually disappear, indicating severe
surface restructuring.
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A closer look into one typical facet’s oxidation trajectory is
shown in Figure 1C, with the false-color BF-STEM images for
a better illustration of the process and the cyan dots on the
surface being ascribed to the growing oxides (i.e, Ni/Cu
oxides) as can be seen from the intensity difference in the Z
contrast images.”> These false-color images clearly show the
surface oxide layers growing with time. Noticeably, the surface
oxide layers gradually grow into an epitaxial structure on the
(111) facet of the nanoparticle indicated by the ordered lattice
fringes of oxide layers (t = 502—542 s). To better investigate
the changes in the crystal structure, we selected three regions
on the octahedral nanoparticle shown in Figure 1D and created
fast Fourier transform (FFT) patterns for crystal structure
analysis and lattice measurement. The FFT pattern of the inner
bulk region shows a typical sixfold diffraction points, which
indicates a good fcc crystal structure. When it comes to the
interior metal surface and oxide layers, the FFT patterns still
show the sixfold fcc structural characteristics.

Based on the FFT patterns of the octahedral nanoparticle
along with the oxidation treatment, we measured the real-time

DOI: 10.1021/acs.chemmater.8b05199
Chem. Mater. 2019, 31, 1720—-1728


http://dx.doi.org/10.1021/acs.chemmater.8b05199

Chemistry of Materials

Intensity (a.u.)

Figure 2. (A, D) HAADF-STEM images with (B, E) corresponding EDS elemental line scans and (C, F) maps of individual as-prepared and

oxidation-treated Pt,CuNi nanoparticles, respectively.

changes in the d spacing of the three regions, and the plots are
shown in Figure 1E. Initially, the inner bulk lattice shows a
matched (111) facet d spacing value (~2.17 A) compared with
that of the theoretical Pt,CuNi uniform alloy (~2.16 A)
(Figure S2). Also, the d spacing of interior layers (i.e., interface
lattice) is measured to be ~2.23 A, which is closer to the value
of Pt (111) planes (~2.27 A) and suggests that the interface
lacks Cu/Ni atoms compared with the bulk Pt,CuNi.*’
Meanwhile, the d spacing of the thin oxide layer induced by
the TEM sample preparation process is measured to be ~2.18
A and shows large deviation compared with that of the (111)
planes of cubic NiO,/CuO,, which implies a strong
compressive strain caused likely by large lattice mismatch
between the oxides and Pt,CuNi.** This also indicates that the
Ni/Cu in the initial oxide layer comes from the initial
nanoparticle surface that caused the interface to be Pt-enriched
because the Pt,CuNi octahedra possess a uniform elemental
distribution based on our previous results.'> Along with the
oxidation treatment, the d spacing of the inner bulk lattice
slightly increased indicating the loss of Ni/Cu atoms. In other
words, these atoms in the bulk are diffusing out during this
process. Meanwhile, for the interior layers, the d spacing shows
a slight decrease with respect to the treatment time, and the
final value at 542 s is ~2.20 A, which is still higher than the
theoretical Pt,CuNi value. This decrease could be associated
with the outward diffusion of Ni/Cu, causing the lattice fringe
shrinking; however, the value is still higher than the theoretical
one, which confirms that the outward-diffused Ni/Cu atoms
continue migrating to the oxide layers and only a few stay at
the interface, which keeps the interface still Pt-enriched.”* On
the other hand, for the oxide layers, the d spacing of oxides
gradually expands to ~2.34 A exhibiting a relaxation process.
However, this value is still below the d spacing of the
theoretical value of (111) planes of either cubic NiO, (~2.41
A) or CuO, (~2.45 A), indicating that there are significant
strains in the oxide layers (for example, —2.9% for NiO, and
—4.5% for CuO,) and that the oxides may majorly be NiO,, for
its smaller d spacing.™

For the relatively relaxed grown oxide layers as shown in
Figure 1F, an epitaxial grown structure can clearly be observed
between the oxide layers and alloy interior layers. Considering
the large lattice difference between the Pt,CuNi alloy and Ni /
Cu oxides, the epitaxial growth explains the observed large
lattice strain in the oxide layers. These reveal the
aforementioned atomic rearrangement and provide a vivid
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visualization of the near-surface atomic restructuring under
heating and oxidative conditions.

We also recorded the Pt,CuNi nanoparticles in 150 Torr O,
with the temperature up to 500 °C as shown in Figure S3. At
above 400 °C, some octahedral particles located close to each
other start to sinter while some isolated ones may still relatively
maintain their morphology. When the temperature goes even
higher, all the nanoparticles seem to lose their octahedral shape
and transform into a sphere-like morphology. These results
suggest that the high temperature induced faster atom diffusion
leading to severe surface restructuring along with the particle
agglomeration and coalescence. Similar phenomena have been
reported with other metallic systems in previous studies.*>*°

To investigate the spatial distribution of Pt, Cu, and Ni
elements, the Pt,CuNi nanoparticles are characterized using
energy-dispersive X-ray spectroscopy (EDS) mapping before
and after the oxidation exposure at 300 °C. Figure 2A shows
one typical as-prepared Pt,CuNi nanoparticle with an
octahedral shape, and the edge-to-edge elemental line scan
(Figure 2B) shows slight Ni enrichment at the edges,
indicating the occurrence of slight oxidation during STEM
sample preparation, which agrees with the result in Figure 1.
The intensity distribution of the Ni—K signal in the bulk area is
similar to that of the Pt—M, suggesting that the Ni distribution
is uniform in the Pt,CuNi nanoparticles as well as the
distribution of Cu elements. The elemental maps of Ni, Cu,
and Pt in Figure 2C also manifest the uniform element
distribution throughout the entire nanoparticle, which could
also be visualized from an overlay of the three element maps.
After exposure to the oxidative atmosphere, the shape of the
Pt,CuNi nanoparticle is damaged as mentioned above due to
the oxidation-induced surface change. The elemental line scan
in Figure 2E shows significant Ni/Cu-enriched edges,
indicating the formation of oxide layers. Also, interestingly,
the Ni content is higher than the Cu content at the oxidized
edges, which implies that the oxide layers possess more NiO,,
than CuO,. Figure 2F also confirms clear Ni / Cu oxide layers
existing on the particle surface, which agrees with the outward
diffusion of Ni/Cu elements. The findings are also consistent
with the EELS results (Figures S4 and SS).

To gain further insight into the atomic restructuring in the
Pt,CuNji, X-ray absorption spectroscopy (XAS) measurements
were conducted to study the local environments, including
average interatomic distances and coordination numbers
before and after oxygen exposure. The obtained spectra are
compared with those of reference metal foils, as shown in
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Figure 3A—C. Compared with Pt foil, the Pt L;-edge X-ray
absorption near-edge structure (XANES) spectra of both as-
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Figure 3. Normalized XANES spectra at the (A) Pt L, edge, (B) Cu
K edge, and (C) Ni K edge for as-prepared and oxidation-treated
Pt,CuNi. Pt foil, Cu foil, and Ni foil are used as reference standards.
Magnitude of Fourier transformed k*-weighted EXAFS spectra at the
(D) Pt L, edge, (E) Cu K edge, and (F) Ni K edge.

prepared and restructured Pt,CuNi samples in Figure 3A show
no obvious shift, suggesting that Pt mainly remained in the
metallic state. An increase in the white line intensity of the Pt
L; edge is observed after the reaction, indicating a decrease in
the Pt Sd orbital filling due to less hybridization (i.e., an
increase in Pt d band vacancy) and decreased alloying
degree.””®

XANES spectra of the Cu K edge of the Pt,CuNi are also
collected and compared with those of Cu foil and the CuO
reference in Figure 3B and Figure S6, which show that Cu is
only partially oxidized with coexistence with metallic Cu.>
Interestingly, an obvious shape deformation is detected on the
XANES spectra of the Ni K edge. Compared with the
counterpart spectra of Ni foil and the fresh Pt,CuNj, the Ni K-
edge spectra of the oxidized Pt,CuNi in Figure 3C and Figure
S7 show a dramatic decrease in the pre-edge region between
8330 and 8344 eV, accompanied by a pronounced increase at
8551 eV. This strongly suggests that the electronic states of Ni
have been dramatically changed due to the reduced filling of Ni
3d states and an increase in the symmetry of restructured
lattice.*

To achieve quantitative structural information from much
more local electron scattering, Fourier transformed extended
X-ray absorption fine structure (EXAFS) data is shown and
analyzed in Figure 3D—F. The Pt L;-edge EXAFS radial
distance plot of the Pt,CuNi alloy in Figure 3D presents a
different distribution compared with that of Pt foil, which
indicates the alloy formation. Figure 3E shows that Cu is
mainly in the metallic state for the fresh sample and is only
partially oxidized after exposure to oxygen. The same trend can
be observed from the Ni K-edge radial distance plots in Figure
3F. However, it can be noticed that the Ni—O band is more
pronounced in the oxidized sample compared with the Cu K
edge, which implies that a higher ratio of Ni is oxidized than
Cu after oxidation treatment, and is consistent with the results
in Figure 1 that the oxide layers consist of NiO, in major
amount. The high quality of EXAFS fitting is confirmed by the
well-matched experimental and fitted results (Figure S8—S19).
The bond lengths, coordination numbers (CN), and neighbor
bond configurations surrounding the resonance scattering are
also obtained from the EXAFS fitting and summarized in Table
S1.

The XPS survey scans are recorded on both fresh and
oxidized samples in Figure 4A. The surface composition of the
fresh Pt,CuNi is determined to be 25% Pt 4f, 14% Cu 2p, 29%
Ni 2p, and 32% O 1s. XPS quantitative results show that the
ratio of Pt/Cu/Ni on the surface is 2/1.1/2.3. The surface
ratio shows a higher Cu and Ni content, whereas a much
higher content of surface Ni can be observed. The 32% O
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Figure 4. X-ray photoelectron spectra of (A) Pt,CuNi and high-resolution spectra of (B) Pt 4f, (C) Cu 2p, and (D) Ni 2p for the as-prepared and
oxygen-induced surface restructured samples. The red dotted line represents the peak positions of metallic Pt and Ni in fresh samples.
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could be primarily from the surface oxides formed during the
XPS sample preparation similar to the STEM experiments, as
well as the oxygen-containing groups on the surface of carbon
support. After being exposed to air at 300 °C for 1 h, the
surface composition of Pt,CuNi is changed to 11% Pt 4f, 8%
Cu 2p, 32% Ni 2p, and 49% O 1s. The surface contents of Ni,
Cu, and O elements have significant changes, which is
consistent with the oxygen-induced surface oxidation and
restructuring. Additionally, the Pt/Cu/Ni ratio becomes 2/
1.5/5.8, which clearly confirms the outward diffusion of Ni and
Cu atoms. Also, the much higher Ni content confirms the
major NiO, composition in the surface oxides, which matches
with the above results.

High-resolution XPS of the fresh Pt,CuNi shows that the
spectra of Pt 4f;/, (74.4 eV) and Pt 4f,, peaks (71.1 eV) are
positioned at lower binding energy than those of reference
peaks (Pt 4f;;, (74.5 eV) and Pt 4f,, peaks (71.2 eV)),
attributed to the electron donation from Cu and Nij, suggesting
the alloy formation of Pt,CuNi (Figure 4B).*V* After the
surface oxidation, slight shifts to higher energy positions are
observed for both the Pt 4f peaks, indicating a decreased
interaction with Ni/Cu due to losing them in Pt’s surrounding.
The absence of a Pt—O peak confirms that Pt maintains a
metallic status throughout the experiments. The Cu 2p band
spectra in Figure 4C clearly show that the Cu element in the
fresh Pt,CuNi sample is in its metallic state. Compared to the
reference peak positions of Cu 2p (952.5 eV for Cu 2p, , and
932.6 €V for Cu 2p;,), both Cu 2p;/, (952.6 V) and Cu 2p;),
(932.7 eV) peaks shift to positions with higher binding energy,
which confirms the electron donation in the Pt,CuNi alloy.
After exposure to oxygen, the Cu 2p, ), c,0 (953.7 €V), Cu
2p3/5cu0 (933.9 eV), and Cu 2ps), cyo satellite peaks (943.0
eV) appear, suggesting the oxidation of Cu on the surface.*’
Also, some of the Cu atoms maintain their metallic state,
evidenced by the existence of Cu 2p;;, (952.6 eV) and Cu
2ps; (932.7 eV). However, it is found that the Ni element is
more susceptible to oxidation. The Ni 2p;,y0 and Ni
2p1/nio can even be detected in the fresh samples shown in
Figure 4D, accompanied by metallic Ni 2p;/, and Ni 2p,/,
peaks.”* Furthermore, the oxidation Ni 2pyo peaks become
much bigger and even overlay the metallic Ni 2p peaks that we
did not deconvolute after oxidation at 300 °C for 1 h,
indicating a large amount of oxidized Ni. Thus, these XPS
measurements reveal that the atomic restructuring on the
surface of Pt,CuNi is dominated by the surficial oxidation of
Ni/Cu, where Ni is more crucial. This generates Ni-rich
surface oxide layers accompanied by minor oxidized Cu atoms.
The oxygen-induced surface restructuring can be related to the
much higher binding energies of Ni—O and Cu—O than that of
Pt—O and the tendency to reduce surface energy anisotropy of
the nanoparticle.

Sequential XRD patterns are also recorded at difference
temperatures and time intervals to study the oxygen-induced
surface restructuring of the Pt,CuNi nanoparticles. As shown
in Figure SA, an obvious elemental redistribution can be
inferred from the temperature sequences of XRD patterns. For
the as-prepared sample, the characteristic diffraction peak
located at 41.7° corresponds to the fcc (111) planes of the
Pt,CuNi alloy nanoparticles, in good agreement with the
theoretical value for a uniform Pt,CuNi alloy and suggesting
the uniform distribution of all three elements.’* As the
temperature increases from room temperature, the (111) peak
shifts to a lower diffraction angle, indicating a decreased
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Figure S. (A, B) Temperature and (C, D) time sequences of powder
X-ray diffraction patterns and corresponding Ni + Cu leaching ratio
and d spacing of the (111) planes of Pt,CuNi nanoparticles. (E)
Schematic illustration of the lattice change of the Pt,CuNi (111)
planes when exposed to oxidative conditions (view from the (110)
plane, gray: Pt; pink: Ni; orange: Cu).

alloying degree of the Pt,CuNi nanoparticles resulting from the
outward diffusion of Ni and Cu. The leaching ratio of Ni and
Cu elements is calculated using Vegard’s law, and the
corresponding d spacing of the (111) planes is evaluated
using Bragg’s law (Figure 5B).* Both the leaching ratio and
the d spacing of the (111) planes are observed to strongly
depend on the temperature with a positive correlation. When
the Pt,CuNi is exposed to air for 1 h at 400 °C, the total
leaching ratio of Ni and Cu approaches 42% with a d spacing
of the (111) planes of 2.19 A. The value is significantly larger
than that of fresh Pt,CuNi (2.16 A), revealing a higher
oxidation temperature favoring a faster atom diffusion and
oxidation, which is consistent with the observed results from
Figure S3.

The rate of surface restructuring of Pt,CuNi upon exposure
to air is also studied by recording the XRD patterns in time
sequences (Figure SC). Compared to the fresh sample, the
(111) diffraction peak of the restructuring sample gradually
shifts to a lower diffraction position, indicating a continuous
decrease in the Ni and Cu content in the crystalline domains.
Noticeably, the variation rate of the d spacing in Figure SD
(i.e., the slope) is decreasing, indicating a decreasing diffusion
rate with respect to oxidation time. This can be ascribed to the
element concentration gradient, which reduces along with Ni/
Cu diffusion, and the reduced concentration gradient would
lead to a slower diffusion rate in return. The lattice relaxation
process is illustrated in Figure SE, in which the Ni and Cu
atoms gradually diffuse toward the surface and get oxidized,
leaving a Pt-rich bulk structure with expanded lattice spacing.
These XRD results further depict the temperature and
concentration gradient-controlled diffusion of Ni/Cu and are
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in good agreement with other characterizations (i.e., in situ
STEM imaging, XAS, and XPS measurements).

To achieve a deeper understanding of the atom diffusion
that leads to Pt,CuNi surface oxidation and restructuring,
unsteady-state atomic diffusion of Ni and Cu is semi-
quantitatively simulated with a numerical model using Fick’s
second law based on the data obtained from aforementioned
measurements. Because the Ni and Cu distribute uniformly in
the Pt,CuNi nanoparticles before their exposure to oxygen, an
assumption of isotropic diffusion would be reasonable and
simplify Fick’s second law to a one-dimensional model shown
as follows*®

o

9 O_C]
ot Ox

0x (1)

where C describes the normalized spatiotemporal concen-
tration of Ni and Cu, which is a function of exposure time ¢ (h)
and distance x (nm) from the center of the particle. D is the
nonconstant diffusion coefficient that depends on the real-time
concentration of Ni and Cu because the diffusion is not a
steady-state process evidenced by the time-dependent XRD
patterns. The general form of solution to this unsteady-state
partial differential equation can be described as*’

A

A
dA A
Clx, t) =k, + k, — exp{/ [——dﬂ
D o 2D

0

where

()

and k; and k, are the integration constants.

Based on the time-dependent XRD data acquired at 300 °C,
the effective diffusion coeflicient over a determined time
interval could be generated from the Gaussian fitting function
and cross-validated by the measured data, which can be shown
as

D = by + b, exp(—bst) (4)

where by, b;, and b, are constants generated from the
regression and t is the evolution time over 300 °C. To get
simulated results from eq 2, boundary conditions can be set
based on the elemental distributions. C;(0,0) = 1 refers to the
initial concentration in the center of the particle, C,(5, 0.091)
= 0 refers to the state where the surface oxidation was observed
at 328 s (0.091 h) by in situ STEM, and C4(0,10000) = 0
refers to the final state where the Ni and Cu in the lattice have
completely diffused out (imagined extreme condition). The
numerical elemental distribution mapping generated from the
simulation is illustrated in Figure 6. As shown in Figure 6A, the
Ni and Cu concentrations on the particle surface dramatically
decrease, which is consistent with the rapid surface oxidation
of Ni and Cu. Also, it can be noticed that during the oxidation
process, the concentration gradient is not uniform as the core
part shows a higher gradient with more condensed contour
plots, which is reasonable because this is a concentration
gradient-controlled diffusion where there are more Ni and Cu
residual in the core region. The spatiotemporal element
mapping and corresponding concentration gradient could also
be visualized using the 3D coordinates, in which higher
steepness of the plane means a more rapid decrease in the
concentrations. These generated numerical results are in good
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Figure 6. Spatiotemporal visualization of unsteady-state atomic
diffusion of elements Ni and Cu in Pt,CuNi under oxidative
conditions. (A) Contour map and (B) 3D surface plot of residual
concentration of Ni and Cu as a function of location and reaction
time.

agreement with both the in situ and ex situ measurements and
visually validate the proposed diffusion model.

Furthermore, this oxidative condition not only mimics the
real oxidation reaction environment to help understand the
surface restructuring and segregation phenomena that affect
the structure—performance relationship***’ but is also utilized
for the post-treatment of nanocatalysts for the alteration of
their catalytic performances.so_52 For example, Zhao et al
employed the oxygen annealing to introduce the surface Ni
segregation in Pt—Ni alloy nanoparticles, achieving the highest
mass activity for the hydrogen evolution reaction.> In this
regard, it is worth mentioning that the catalytic performances
of ternary Pt,CuNi alloy nanoparticles can be tuned through
the surface segregation of transition metals. We here show an
example demonstrating the tunable ORR activity of the
Pt,CuNi nanoparticles with different segregation extents
through the air annealing treatment. As a result, Figure 7
illustrates the specific ORR activity of Pt,CuNi nanoparticles
oxidized for 0, 10, 20, 40, and 60 min. It is clear that the ORR
activity was enhanced in all oxidized Pt,CuNi nanoparticles.
Particularly, a “volcano shape” is found in Figure 7 with
respect to the oxidation time, indicating that the optimized
surface/composition can be achieved at 20 min oxidation
treatment. Thus, understanding of the oxidation-induced
composition/structure dynamic changes in alloy catalyst
nanoparticles will benefit the design of transition-metal alloy
catalysts.
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Figure 7. Tuned ORR activity of Pt,CuNi nanoparticles oxidized at
300 °C for 0, 10, 20, 40, and 60 min.

B CONCLUSIONS

In conclusion, by employing various advanced characterization
techniques, particularly the in situ atmospheric STEM, the
real-time surface elemental distribution and reconstruction
trajectories of ternary octahedral Pt,CuNi alloy nanoparticles
are observed in an oxidative environment at atomic resolution.
The results reveal that Ni atoms in the alloy are more
susceptible to oxidation than Cu, and both of them diffuse to
the surface to be oxidized under an oxidative atmosphere. The
majority of surface oxide layers are found to consist of NiO,. In
addition, it is also demonstrated that surface segregation helps
to tune the ORR activity of the Pt,CuNi nanoparticles. The
capability of direct imaging of the dynamic surface change in
response to real synthesis/reaction conditions at the atomic
level broadens the avenue for exploring potential structure—
property relationships of ternary alloy catalysts.
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