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ABSTRACT: Atom probe tomography (APT) has been used
to characterize commercially prepared Pt, Pt/Co alloy, and
Ir@Pt core—shell nanoparticles supported on high-surface-area
carbon black. Concentration profiles and 3D atom maps
revealing the detailed internal structures and compositions of
Pt, Pt/Co alloy, and Ir@Pt core—shell particles have been
generated, and the distribution of trace impurity elements,
including Na and Cl, has been examined. The observation of
retained Na on the support, especially in the Pt nanoparticle
system, indicates a more rigorous washing procedure is
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required. In the Pt/Co alloyed carbon-supported nanoparticle system, a marked variation in both compositions and particle
sizes is observed. In the case of Ir@Pt, significant intermixing of the Ir core and Pt shell atoms takes place, which would be very
difficult to measure by other techniques. All such observations will likely impact the catalytic performance of these materials. We
envisage that the single nanoparticle analysis capability of APT, providing atomic-scale structures and chemical mapping, can also
act as a means of quality control, identifying differences in the final product compared with the intended specification. Although
the catalytic activity of these nanoparticles was not part of current study, the detailed information offered by such studies will
permit knowledge-based improvements in nanoscale catalyst preparation methods and will also provide new ways of investigating

structure and activity relationships at the nanometer scale.
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1. INTRODUCTION

Specific structures and morphologies of active phases can
catalyze chemical reactions selectively, enabhng the formation
of desired products at high production rates.' > The majority of
commercial catalysts are solid state, taking the form of
nanoparticles dispersed onto high-surface-area porous solids.
In a large proportion of these catalysts, bimetallic systems
containing two different metal species are particularly utilized.
These demonstrate 51gn1ﬁcantly improved activity, selectivity,
and resistance to p01son1ng S For example, in direct methanol
fuel cells, the Pt catalyst component is highly effective in
breaking C—O and C—H bonds, but Ru is also included, which
greatly improves the resistance of the catalyst to carbon
monoxide poisoning.”*

Bimetallic nanoparticles can be roughly divided into two
types of structures: alloyed structures, which incorporate a
homogeneous chemical distribution of atoms within the
nanoparticle, and core—shell structures, in which one metal
forms the core of the nanoparticle and is surrounded by a shell
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of atoms of a different type. The final structures produced are
dependent on synthesis methods and environment. This core—
shell geometry shows particular tunable activity and selectivity.
It is believed that electronic effects between the core and shell
materials, which depend on core—shell dimensions, can
markedly alter the electronic and adsorptive properties of the
shell layer.” This suggests the possibility of nanoengineering of
highly active morphologies if the core and shell structure and
morphology can be controlled. Atomic-scale characterization of
these core—shell interfaces will thus be critical to producing
optimized nanoparticles for catalysis. In addition, catalyst
nanoparticles are hosted on a support material, which not
only maximizes the surface area of the particles but also actively
contributes to the overall efficacy through metal—support
interactions. The adsorptive properties of the support may also
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influence the metallic active sites in close proximity. Being able
to investigate the nature of these interactions is another
important goal for the next generation of advanced catalysts.

Previous work has used an extensive range of characterization
techniques, including transmission electron microscopy
(TEM)'*™"* and associated high-angle annular dark field
scanninlg TEM (HAADE-STEM);'®'” X-ray diffraction
(XRD); >'* and a number of spectroscopic methods, including
X-ray photoelectron spectroscopy (XPS), 1% energy-dis-
persive X-ray spectroscopy (EDX),'""""* and extended X-ray
absorption fine structure spectroscopy (EXAFS).'**° Of
particular interest to catalyst chemists is the simultaneous
characterization of the chemical composition and structure of
individual alloyed and core—shell nanoparticles at high
resolution. This poses significant challenges for conventional
characterization techniques. For example, XPS is a powerful
technique for revealing the surface composition of nano-
particles, but it is hindered by the presence of polymers or
surfactant stabilizers commonly used in the nanoparticle
preparation, which present a thick organic layer coating
obscuring useful signals. It is also known that the detectable
depth of XPS is not entirely restricted to the top atomic surface,
but may extend to a few nanometers below the surface, and
thus, the depth resolution is somewhat limited.>' Another
quantitative technique, EDX, is also able to analyze the
composition of the nanoparticles. Technically, the intensity of
the X-rays is proportional to the concentration of each element
in the particle. When the size of the bimetallic nanoparticles
falls below 3 nm and their interatomic distances are similar,
structural analysis is difficult to achieve in the normal mode of
electron microscope operation. In addition, when the two
elements of a core—shell nanoparticle have similar atomic
weight, the contrast between them in HRTEM/HAADF is
extremely difficult to differentiate.

Atom probe tomography (APT) is a microscopy technique
that can provide 3D structure as well as chemical information at
an atomic scale;”>** however, APT requires a very specific
specimen geometry, needle-shaped with an end-tip radius of
30—100 nm. This requirement poses a significant obstacle for
the analysis of supported or even unsupported nanoparticles to
the extent that APT has until recently not been considered a
viable option. Nevertheless, using an electrophoresis method to
deposit nanoparticles from solution onto presharpened needle-
shaped substrates, we recently demonstrated the potential of
APT for the characterization of Ag(core)—Pd(shell) colloidal
nanoparticle systems with a range of chemical compositions.”*
A clear and sharp interface between the core and shell was
clearly indicated by the APT images, which also permitted
quantitative measurements of the concentrations of each atomic
species within the core and shell, respectively, as well as
measurement of the thickness of the shell layers. In a further
study, we have also characterized CuZnGaO, nanoparticles
before and after reduction using APT, revealing very small but
homogeneous Cu clusters in close 6proximity to larger Cu
particles.”® More recently Xiang et al.”® attempted to produce a
nanosize APT tip from catalyst powder by using a FIB (focused
ion beam) to stud_?r CoCuMn core—shell particles, and
Mountanabbir et al.*” applied a site-specific lift-out technique
by FIB to prepare APT samples from Al catalyzed Si nanowires.
Note that the nanoparticles in the above studies were not
dispersed onto any support materials, but were rather in the
form of a colloidal dispersion or particle powders. In the
present work, we have extended this electrophoresis technique
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to the study of supported catalyst materials. Pt, Pt/Co alloy,
and Ir@Pt core—shell structured nanoparticles supported on
carbon black have been characterized by APT and supporting
TEM. These materials are important as low temperature fuel
cell catalysts because of their favorable oxygen-reduction-
reaction (ORR) activity and good corrosion stability.'>**

2. MATERIALS AND METHODS

Carbon-supported Pt, Pt/Co alloyed, and Pt(shell)—Ir(core)
were supplied by Johnson Matthey PLC as prepared using an
established wet chemical method.”*® Alloying of the Pt/Co
catalysts was confirmed by the presence of a Pt;Co phase using
XRD analysis, and XPS analysis of Pt/Ir showed surface Pt
enrichment compared with the bulk, indicating a successful
coating of the Ir core with Pt. The nominal composition of Pt/
Co alloyed and Pt—Ir core—shell particles is 74.7 atom % of Pt/
25.3 atom % Co (37.9 wt % Pt and 3.88 wt % Co) and 29.3
atom % Pt/70.7 atom % Ir (14.0 wt % and 33.3 wt %),
respectively. The metal loading of the three systems is 40%.
The sizes of Pt, Pt/Co alloyed, and Pt—Ir core—shell particles
measured by TEM are 7.0 + 3.0, 5.6 + 2.8, and 4.0 & 1.8 nm,
respectively, in Figure 1. TEM and HAADF-STEM examina-
tion was conducted using a JEOL 3000F operating at 300 kV.

Figure 1. Low-resolution TEM images and HAADF-STEM images of
(a, b) ~7 nm diameter Pt nanoparticles on carbon support, (c, d) ~6
nm diameter Pt/Co alloyed nanoparticles on carbon support, and (e,
f) ~4 nm diameter Ir@Pt core—shell nanoparticles on carbon support.

The sample preparation for the APT experiments is based on
the principle of electrophoresis and has been applied to
colloidal garticle solutions, as detailed fully in our previous
studies.”®*> It was carried out on the second-stage sample
polishing equipment (see the schematic presentation in Figure
2a). The carbon-supported nanoparticles powders were
dissolved in a combination of water and methanol, and these
nanoparticle solutions were then immersed in an ultrasonic
bath for 15 minutes to obtain a good dispersion. Following this,
a droplet of the solution was placed inside a gold wire loop and
connected to a negative voltage bias. A relatively blunt (~80—
100 nm) presharpened APT tip was used as a substrate for
deposition of the carbon-supported nanoparticles. A range of
materials including W, Al, and Pt were explored as substrates,
but only Pt and its alloys proved to retain the deposited
nanoparticles with sufficient strength for APT analysis. This
may be due to surface impurities, such as oxides, more readily
forming on W and Al substrates compared with Pt.

dx.doi.org/10.1021/cs401117e | ACS Catal. 2014, 4, 695—702
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Electrophoresis method

a)

Figure 2. (a) Schematic representation of electrophoresis deposition
method: positively charged nanoparticles deposited onto a Pt—Rh
APT substrate, (b) Low resolution TEM image of ~7 nm diameter Pt
nanoparticles (indicated by larger arrow) on a carbon-supported
surface, with ~3—4 nm diameter nanoparticles (smaller arrow) on
deeper internal porous carbon structure, both deposited on a blunt
Pt—Rh APT substrate at 20 V for 20 s.

To aid distinction among the nanoparticles, all three of which
contain Pt, and the substrate, a Pt—Rh alloy was chosen for this
work. Hence, the detection of Rh during the APT analysis
indicated the appearance of substrate. The Pt—Rh alloy was
polished to form relatively blunt needle-shape specimens in a
molten salt mixture (4NaNO,;/1NaCl volume) using Pt-22
atom % Rh wire (0.1 mm diameter, Alfa-Aesar), before being
carefully cleaned with distilled water and then methanol. To
deposit nanoparticles onto such samples by electrophoresis,
each was in turn immersed in the polishing setup shown in
Figure 2a), and when a positive voltage was applied, negatively
charged nanoparticles were attracted to the Pt—Rh surface.
Each sample was subsequently inspected in a TEM (Phillips
CM20) to confirm deposition of a suitable layer of nano-
particles. A representative TEM image shown in Figure 2b
demonstrates carbon-supported nanoparticles deposited using
this electrophoresis method. For carbon-supported nano-
particles, close control of the number of deposited layers is
less critical (but still important) than in previously used
colloidal nanoparticle solutions because the former remain
relatively well separated when deposited. Understanding this is
central to enabling accurate atom probe analysis because
multiple layers of spatially overlapping particles can be difficult
to resolve in the APT data reconstruction. Nanoparticle
concentration and size, along with pulsing voltage and pulsing
duration, influence the deposition conditions. (As seen in SII,
the pulsing duration time was adjusted to avoid too few or too
many nanoparticles deposited on the substrate.) In this study,
typical conditions to deposit Pt, Pt/Co, and Ir@Pt were 15—20
V applied for around 15-20 s, using a Pt—Rh wire of
approximately 80—100 nm end diameter.

The APT specimens were characterized using a Cameca
LEAP 3000X-HR instrument. Several specimens were analyzed
for each carbon supported nanoparticle system. The analyses
were carried out in laser pulsing mode with a specimen
temperature of 55 K, target evaporation rate of 2 ions per 1000
pulses, pulse rate of 160 kHz, and pulse energy of 0.45 nJ. The
APT data was analyzed using the commercial IVAS 3.6.0
software. The reconstruction parameters (image compression
factor and field factor™®) are linked to the morphology and
nature of the APT specimen. These parameters can be
calibrated on the basis of crystallographic information in the
data; however, no such information was available in this
analysis. The difficulty in this study is that during the
experiment, specimens do not maintain the model geometrical
shape assumed by the reconstruction algorithm. Further, there
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was a nonuniform evaporation rate across the surface, which
depends on the number and location of particles exposed at any
instant. These issues made the standard procedures for the
selection of reconstruction parameters unsuitable for these
systems. The best way of optimizing reconstruction parameters
was found to be based on correlating the sizes/shapes of
nanoparticles in APT reconstructions with related TEM images.
It was assumed that the image compression factor is 1, and the
field factor was adjusted accordingly until a reasonable particle
size/shape was achieved.

3. RESULTS AND DISCUSSION

3.1. Pt Nanoparticles. For comparison with the subse-
quent alloy particles studied and to verify the sizes of APT
reconstructed nanoparticles, we first examine a simple arrange-
ment of Pt nanoparticles on carbon black. This system is
employed in polymer electrolyte fuel cells,®’ so it is also
instructive from an application standpoint. To illustrate the
starting morphology of the samples, Figure 2b shows a TEM
image of the Pt nanoparticles, dispersed on the carbon support
and attached to an APT Pt—Rh needle substrate. Interestingly,
the average diameter of the Pt nanoparticles on top of the
porous carbon is ~7 nm. However, in deeper pores, there are
considerably smaller Pt particles, around 3—4 nm in diameter,
reflecting the differences in Pt deposition according to the pore
location and dimensions. It can be seen that the nanoparticles
are enveloped in a layer of adsorbed carbon- and hydrogen-
containing compounds, which likely remain from the electro-
phoresis process used to deposit them onto this substrate. The
same specimen was subsequently characterized using APT, and
the reconstructed 3D images are presented in Figure 3. It
should be noted that only a cylindrical subvolume of the tip in
Figure 2b was analyzed by APT.

In the reconstructions, each dot represents the spatial
coordinates of an individual ion (e.g, Pt*") or a complex ion
species (e.g, CH,_;*, C,H,_,'", C;H,_;"", etc, which are
fragments of the carbon support, surfactants from the synthesis,
or the methanol solvent). The full 3D atom map in Figure 3a
shows a complex overall morphology. The mass spectrum
indicates the detection of Pt*, Pt**, H,O", groups of CH,", C,
and Na* peaks (in Supporting Information Figure SI2). To
clarify the atom map in Figure 3a, a better perspective can be
achieved by examining thin (5 nm) slices through the data.
Hence, Figure 3a was sectioned across the X—Y plane at two
distinct positions along the z axis, marked 1 and 2, and the
results are presented in parts b—e, respectively, of Figure 3. In
APT the z direction from top to bottom represents the
sequential order of evaporation of the individual ions. Slice 1
(in the top part of Figure 3a) therefore represents the surface
layer of the deposited carbon-supported Pt nanoparticles, and
slice 2 shows the bottom layer. The APT reconstructions of Pt,
C,H,, and Na ions in slices 1 and 2 are shown separately to
clarify the positions of Pt and the carbon support. The
positions of Pt ions alone shown in Figure 3b and d highlight
the successful imaging of individual Pt nanoparticles. It is also
apparent that there are substantial variations in nanoparticle
size within this small volume, including relatively larger
nanoparticles (7—8 nm diameter) in the top region and
smaller nanoparticles (3—4 nm diameter) at deeper depths in
the porous support. Thus, the size distribution corresponds well
to the characterization by conventional TEM but gives a better-
defined spatial view.
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Figure 3. (a) APT reconstruction of Pt nanoparticles on carbon
support showing all species, (b) APT reconstruction (X—Y view) of
the top S nm cross-sectional region marked 1 in part a showing ~7 nm
diameter Pt particles, (c) APT reconstruction (X—Y view) of slice 1
showing C,H, and Na, (d) APT reconstruction (X—Y view) of the
bottom S5 nm cross-sectional region marked 2 in part a showing ~3—4
nm diameter Pt particles at deeper porous structure, (e) APT
reconstruction (X—Y view) of slice 2 showing C,H, and Na, and (f)
APT reconstruction of ~3—4 nm diameter Pt particles from the
dashed rectangle box in part b. The Pt nanoparticles on carbon
support were deposited onto the APT substrate at 20 V for 20 s.

Aside from the distribution of intended materials present in
these supported catalysts, APT is highly sensitive to all
elements in the local region analyzed and can therefore be
used to look for trace impurities. The detection of Na (and
trace Cl) ions is of significant importance. The original
presharpened Pt—Rh APT samples without any nanoparticles
deposited were separately analyzed. In this case, Na and Cl
were not present on the surface. Furthermore, mass spectra
from Pt—Rh samples following an unsuccessful deposition of
carbon-supported Pt nanoparticles in water/methanol also
reveal the lack of any Na and Cl (details in Supporting
Information Figure SI2), and Na ions were detected only in
association with C,H, complex species, not with Pt, as shown in
Figure 3c and e. Therefore, it seems most probable that these
impurities were introduced during the original synthesis, in
which chloroplatinic acid (H,PtCly) used as the Pt precursor is
hydrolyzed by sodium bicarbonate during the wet impregnation
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process.”’ Their presence, even in trace quantities is well-
known to cover active sites, which leads to attenuated activity as
well as accelerating metal sintering. For example, there is
evidence that Na can play a significant adverse role on catalyst
performance for CO oxidation over Pt/Co.>* Such species are
intended to be removed by several cycles of washing. However,
Figure 3c and d clearly indicates significant retention of Na* on
the carbon support. CI™ peaks, however, are only just detectable
above the background noise level in the mass spectra,
suggesting the washing stages have been more effective for its
removal. Note that conventional chemical analysis, such as
inductive coupling plasma (ICP) and EDX can also give trace
elemental analysis, but to achieve such analysis at targeted
atomic locations is extremely challenging. It is well-known that
surface functional groups on activated carbon black carry
negative charge as a result of the presence of phenolic or
carboxylic groups (FTIR, not shown). Thus, the accumulation
of Na* on the carbon support is attributed to the formation of
electrostatic double layers on the carbon surface. Although
these ions are shown to locate on the carbon surface, they can
migrate to metal sites at elevated temperature. As a result, this
analysis suggests a more drastic procedure to remove surface
adsorbates such as sodium ions needs to be developed.

We also find that there are some low-density regions; for
example, if the two APT reconstructions in Figure 3b and ¢ or
Figure 3d and e are superimposed. These are most likely due to
the porous nature of the carbon support, which forms an
incomplete coating onto the APT Pt—Rh substrate. For a closer
look at some of the individual nanoparticles detected, the black
rectangular region of interest highlighted in Figure 3b was
isolated. The reconstruction of the four Pt nanoparticles
present within this volume is shown in Figure 3f. These results
confirm that high-resolution characterization of supported
catalysts can be achieved using APT by combined elemental
mapping and simultaneous morphological imaging.

3.2. Pt/Co Alloy Nanoparticles. Pt/Co alloyed nano-
particles on carbon supports were also examined by APT. This
alloy system has been actively studied for use in proton-
exchange membrane (PEM) fuel cells, in which the addition of
Co improves durability.*>** Pt/Co is also employed as a
selective catalyst in many industrial hydrogenation reactions.**
As in the case of Pt on carbon, APT samples were prepared by
electrophoretic deposition onto a Pt—Rh substrate. The average
diameter of the alloyed particles measured by TEM was 5.6 +
0.2 nm (see Figure 1c and d). A typical atom map revealing a
cluster of these nanoparticles detected in APT is shown in
Figure 4a. As in the previous section, to clarify the APT
reconstructions, two thin cross sections marked “slice 1”7 and
“slice 2” are generated across the X—Y plane. Slice 1 represents
the upper surface layer nanoparticles deposited, and slice 2
represents a deeper layer. Figures 4b and 3d show x—y views of
all species in the cross sections together with Pt isodensity
surfaces (22.0 atoms/nm®). The Pt and Co ions contained
within Pt isodensity surfaces are shown in Figure 4c and e.
These figures demonstrate the particle diameters to be in the
range 2—4 nm, matching the information from Figure 1c and d.
The particle labeled “1” in Figure 4b was itself isolated, and the
reconstruction of this alone is shown in Figure 4f. From this
individual particle, a 1D concentration profile was generated,
Figure 4g. This yields an average particle composition of 93.1 +
1.7 atom % Pt and 6.9 + 0.5 atom % Co and also indicates that
the particle has a homogeneous alloyed internal structure
throughout. A STEM/EDX line analysis of a different particle
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Figure 4. (a) APT reconstruction of Pt/Co nanoparticles on carbon
support with all species, (b) APT reconstruction of the top 3 nm
cross-sectional region marked 1 in part a showing all speices and Pt
isodensity surfaces (53.0/nm®), (c) APT reconstruction of Pt/Co
nanoparticles inside Pt isodensity surfaces in part b, (d) APT
reconstruction of region 2 (z = 7.8—8.6 nm) marked in part a showing
all species Pt isodensity surfaces (53.0/nm?®), (e) APT reconstruction
of Pt/Co nanoparticles inside Pt isodensity surfaces in part d, (f)
particle 1 marked 1 in part b, and (g) 1D concentration profile of
particle 1 in part f and separate STEM/EDX line analysis of particle 1
in Figure 1d for comparison. The Pt/Co nanoparticles on carbon
support were deposited onto the APT substrate at 20 V for 15 s.

(~4—5 nm) labeled “1” in Figure 1d is also plotted in Figure
4g, revealing an alloyed structure of Pt and Co with an average
Co concentration of 9.4 + 2.3 atom %.
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Because of the high weight loading of Pt/Co nanoparticles
(40%), they are relatively closely spaced in the atom maps. It is
therefore challenging to precisely define the physical boundary
for all nanoparticles, which may also be attributed to possible
agglomeration. Hence, in this study, detailed composition
measurements are restricted to those nanoparticles that are
well-defined and separated from their surroundings, a
procedure demonstrated in Figure Sa. The separated Pt/Co
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Figure S. (a) Isolated Pt/Co nanoparticles from Figure 4a and the
concentration of the numbered Pt/Co particles summarized in
Supporting Information Figure SI3 and (b) Co concentration versus
particle size (number of atoms) and theoretical particle diameter size
(nm) of all separated Pt/Co nanoparticles in three data sets.

nanoparticles are numbered for identification, and a table of the
concentration of individual nanoparticles is summarized in
Supporting Information Figure SI3. Over three different APT
data sets, the Co contents of a number of isolated nanoparticles
are plotted versus their size in Figure Sb. The upper x axis in
Figure Sb is theoretical particle diameter size in nanometers
calculated from the number of counts and the theoretical
density detected by atom probe (24 atoms/nm®) on the basis
of the assumption that all the particles are spherical and
evaporated with the same detection efficiency (~0.37). The
results reveal marked variations in Co content and also show a
size-dependence on composition. The average Pt and Co
concentrations measured over all isolated particles are 93.7 +
5.8 atom % and 6.3 & 5.8 atom %, respectively across the three
data sets.

The nominal composition of this industrially prepared Pt/Co
alloy sample was 74.7 atom % Pt/25.3 atom % Co from ICP
analysis. Individual particles have compositions ranging from
almost pure Pt to those with Co contents of ~25 atom 9%,
comparable to the average value obtained from ICP analysis.
However, STEM/EDX line analysis in Figure 4g demonstrated
that a particle with a size of 4—5 nm had a lower Co
concentration, consistent with APT results. Furthermore
STEM/EDX line analysis of the particle labeled “2” in Figure
1d (~10—12 nm) shows an average Co concentration of 30.1 +
7.1 atom %. From looking at a range of particles in a size range
of either 6—9 nm or 10—12 nm, STEM/EDX analysis revealed
an average Co concentration of 24.6 + 3.5 atom % in the
smaller ones, and 31.5 + 1.23 atom % in the larger. Therefore
STEM/EDX confirms that there is a variation in Co
concentrations across the nanoparticles that is linked to their
sizes. Although the EDX method has limitations in terms of its
accuracy, the variation of Co concentration with particle size is
clear. The discrepancy between the average Co concentrations
from APT/EDX data and that from the ICP analysis could be
attributed to a number of possible reasons, each of which needs
to be explored independently to determine the extent of its
role. It does, however, suggest that there may be scope for
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improving the wet impregnation method used to better mix the
metals. For example, it is known that Co atoms tend to adhere
more strongly to the phenolic and carboxylic surface
functionalities, thus leading to variations in the alloy
composition and phase segregation on the support.

A factor that may influence the APT result is associated with
the electrophoresis sample preparation method. In this, we
make the assumption that the particles attracted to the sample
apex are a representative subset of the full range synthesized.
However, the rate of migration of charged colloidal particles in
an electric field depends (inversely) upon their size (and also
upon their charge). For Pt—Co particles, a further consid-
eration is that this material can be magnetic, and this property
makes Pt—Co actively researched for magnetic information
storage. The magnetic nature of Pt—Co is importantly
dependent on the composition. Using the phase diagram
obtained in a recent neutron scattering study,”> we see that the
transition point at 300 K from ferromagnetic to paramagnetic
for a disordered alloy lies around 12 atom % Co. Particles with
Co contents greater than this will be ferromagnetic and will
consequently tend to agglomerate in solution under the
influence of the electromagnetic fields present in the sample
preparation. This is also a size-dependent phenomenon, with
the largest magnetic forces generated in the bigger particles.
Inspection of the data in Figure 4b reveals that for the largest
particles analyzed, the determined Co content never exceeds
around 16 atom %, which is entirely consistent with the
argument that large, high-Co-content particles do not attach to
the APT needle substrates. This does not in any way affect the
significance of APT analysis of the detected particles because
the catalytic activity of differently sized particles with substantial
disparities in composition is likely to vary considerably.
However, it clearly suggests that for future experiments (and,
indeed, any possible catalyst preparation methods), such
behavior needs to be taken into account for this particular
system.

3.3. Ir@Pt Core—Shell Nanoparticles. Finally, we
consider carbon-supported Ir@Pt core—shell particles. These
elements combined in a core—shell morghology show
considerable promise for PEM fuel cells.***” For high-
resolution characterization of this system, a significant problem
exists for TEM in terms of resolving the two different metals
because Pt and Ir have similar atomic weights. This makes the
desired characterization of composition and thickness of the
core and shell in Ir@Pt systems challenging. Previous work
using XPS has indicated a clear enrichment in Pt compared
with the bulk*® whereas recent APT investigations have
demonstrated its suitability for colloidal Ag@Pd nano-
particles,”* which have similar mass discrimination problems
for TEM.

Unlike Pt and Pt/Co, in which electrophoresis of the
dispersed catalyst materials produced deposits on the APT
sample containing carbon-supported metallic nanoparticles,
only isolated Pt(shell)—Ir(core) nanoparticles were deposited
for this material. Three examples from three data sets are
illustrated in Figure 6. The diameter of the Ir@Pt nanoparticles
measured in TEM was 4.0 + 0.2 nm, as shown in Figure le and
f. In the APT reconstructions of Figure 6, particles of
comparable sizes are evident. Some clearly show signs of a
core—shell structure, but others appear to consist mainly of Pt.
The mass spectrum in Figure 6b obtained from particle 1 in
Figure 6a demonstrates that Pt** and Ir** peaks are well
discriminated in the APT data. The reconstruction of this
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Figure 6. (a) Example 1: APT reconstruction of Ir@Pt nanoparticles
with all species, (b) mass spectrum of particle 1 marked in part a, (c)
APT reconstruction of particle 1, and (d) 1D concentration profile
along the analysis direction marked as a black arrow in part c. (e)
Example 2: APT recontrcution of Ir@Pt nanoparticle in other data set
and (f) 1D concentration profile along the analysis direction marked in
part e. (g) Example 3: APT reconstruction of Ir@Pt nanoparticle from
separate data set with 62.0 atom % Pt isoconcentration surface and (h)
concentration profile from Ir-core to Pt-shell (from proximity
histograms obtained from the particle in part g). The Ir@Pt
nanoparticles on carbon support were deposited onto the APT
substrate at 15 V for 15 s.

particle is presented in Figure 6c. It shows a duplex structure
rather than a complete core—shell morphology, with an ~0.4
nm thick Pt-rich layer in direct contact with a thicker Ir-rich
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Table 1. Concentrations of Shell and Core of Pt(shell)-Ir(core) Carbon-Supported Nanoparticles

shell compositions (Pt—Ir)/at. %

particle 1 81 +Sto19+2
particle 2 7S+ 11to25+ S
particle 3 87 +8to 13 +£3
particle 4 69 +9to31+6

core compositions (Pt—Ir)/at. %
22+ S5to78+9
30+3t0o70 £ 5
38+3t062+3
13 + 6 to 87 = 17

region. The associated 1D concentration profile in Figure 6d
(measured along the direction of black arrow in Figure 6c)
reveals the composition of the Pt-rich and Ir-rich layers to be 81
+ S atom% Pt-19 + 2 atom% Ir and 22 + S atom% Pt- 78 + 9
atom% Ir, respectively. Examples 2 and 3 in Figure 6e and g
indicate more complete Pt(shell)—Ir(core) structures from two
separate data sets. The concentrations measured from the
profiles in Figures 6f and h along with a further example (not
shown) were summarized in Table 1.

These observations clearly indicate variations in both core
and shell contents between different particles of comparable
sizes and, furthermore, demonstrate an apparent mixing of the
elements in both layers. On average, the shell has a Pt content
of 80 + 8 atom %, with the core containing 77 + 11 atom % Ir.
This level of chemical information is not possible to extract
from the typical HAADF-STEM and bright field STEM images
in Figure 1f because of poor contrast between metal species
with similar electron densities and the same fcc crystal
structure.

The preparation of these Ir@Pt core—shell particles is based
on a proprietary industrial method in which the Pt is deposited
selectively on 4 nm Ir nanoparticles supported on carbon in a
hydrogen environment. The in-house electrochemical testing
and characterization (cyclic-voltammetry and IR) indicated a
Pt-rich surface instead of a typical Pt—Ir mixed a]loy.28 Here, it
is demonstrated that significant intermixing of the Ir core and
Pt shell atoms has taken place. Thus, the APT data can be used
as a means of quality control, identifying differences in the final
product compared with the intended core—shell structure. Such
discrepancies will certainly influence the catalytic activity of the
Ir@Pt nanoparticles.

In interpreting the data, we are cautious that possibly, there
may be trajectory aberrations and artifacts induced by uneven
evaporation among the nanoparticles, the carbon support,
hydrocarbons, and water because this sample geometry/
structure is particularly challenging to study by APT. These
features may lead to shape distortion of the nanoparticles along
the z direction, although their general morphology matches
well with the TEM images that play a valuable role in verifying
particle shape/size. In the future, a thin layer of metal could be
coated on top of the whole APT specimen, with the intention
of encapsulating the full sample volume to reduce the potential
of any reconstruction artifacts. TEM tomography correlated
with APT data will also help to improve the data
reconstruction.

4. CONCLUSIONS

In this study, we have demonstrated that APT can be
successfully applied to the characterization of carbon-supported
metal nanoparticles, importantly in the same form as those used
for actual catalytic processes. Using this technique, we have
shown a wealth of new information that is inaccessible by
current alternative methods. The structures, compositions, and
3D spatial distributions of three types of nanoparticles on
carbon supports were analyzed by APT. A significant amount of
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Na was found to remain on the carbon support surface (along
with trace amounts of Cl) in the Pt nanoparticle system.
Information of this kind is directly relevant to the under-
standing and improvement of commercial catalyst preparation
procedures; in this case, a more thorough approach to remove
these surface adsorbates is required. The analysis of the Pt/Co
alloy particle system demonstrates a marked variation of
compositions and sizes, which is consistent with results
obtained by STEM. This information strongly suggests that
the intended homogeneous distribution in both was not
achieved and that an average concentration value by ICP is
insufficient to properly correlate concentration with activity.
Finally, the APT analysis of Ir@Pt core—shell nanoparticles
reveals significant intermixing of the Ir core and Pt shell atoms,
a key detail that would not be possible to obtain from other
techniques, such as HAADF-STEM. The conspicuous discrep-
ancies between our observations and the intended structures in
all three systems confirm detailed atomic-scale chemical
information is vital to understanding the relationship between
structure and catalytic efficiency. In future work, improved APT
sample preparation and data reconstruction methods are
required to image “aggregated” nanoparticles to carry out a
more rigorous assessment of composition versus particle size.
In addition, linking this type of high-end characterization with
activity tests will allow more rapid evaluation of nano-
engineered catalytic nanoparticles for a wide variety of
applications.
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