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The formation process of Pd-based bimetallic nanoparticles synthesized by co-
sputtering is investigated by performing the in-situ morphological observation using
the resistive spectroscopy. The segregation of the metal with lower surface energy
on the nanoparticle surface is observed, and it is found that the formation process of
the alloy nanoparticles tends to be similar to that of the nanoparticles composed of
the core metal even when the atomic fraction of the shell metal is higher than that
of the core metal. The co-sputtering process is simulated by the molecular dynamics

analysis, and the observed formation process is theoretically confirmed.
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I. INTRODUCTION

The unique properties of bimetallic nanoparticles, which differ from those of bulk mate-
rials and single-element nanoparticles, have attracted the interest of researchers, and their
synthesis methods, properties, and applications have been investigated!'?. Since the prop-
erties change depending on their structure such as core-shell structures, mixed structures,
intermetallic alloy structures, and so on., the preferred structures have been identified by
simulations using the density function theory (DFT)3, the equivalent-medium approxima-
tion and bond-strength modifications?, and the Monte Carlo simulations with DFT-based
embedded-atom potential®. However, the structures of experimentally synthesized nanopar-
ticles sometimes differ from those simulated. For example, for PdAu nanoparticles, an
Au-shell/Pd-core structure is expected to be preferable® . Such Au-shell/Pd-core structure
has been observed in nanoparticles synthesized by the evaporation on silica®, and it is also
observed when Au is deposited first, followed by Pd on oxide surfaces”. In contrast, the Pd-

shell/ Au-core structure is observed in nanoparticles synthesized by the chemical deposition®?

10 Furthermore, a homogeneously alloyed structure is ob-

and one-step aqueous synthesis
served for nanoparticles synthesized by the simultaneous sputter deposition into an ionic
liquid'*. Thus, the preferred structure predicted by the simulations and that observed in
the experiments are not necessarily in agreement, and the formation process and the pre-
ferred structure of the nanoparticles are not fully understood. This situation arises from

the difficulty of real-time observation of the formation process and would be resolved if it is

possible to observe in real time.

Structural characterization of bimetallic nanoparticles is performed using atomic force
microscopy, scanning electron microscopy, transmission electron microscopy, X-ray photo-
electron spectroscopy, X-ray diffraction, ultraviolet-visible spectroscopy and so on.?2715,
which are the post-characterization methods. In-situ characterization is performed during
dewetting using the dynamic transmission electron microscope!®, but real-time structural
characterization is hardly performed. Under these circumstances, we have developed a
methodology, in which the formation process is monitored from the nanoparticle shape mea-
sured through the resonant vibration of a piezoelectric oscillator'”. Using this method, in this

study we investigate the formation process of Pd-based bimetallic nanoparticles synthesized

by the co-sputtering. It is a feature of the co-sputtering that can control the composition by
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changing the deposition rate of metals, and it has been used to form bimetallic nanoparti-

18,19

cles on a solid surface and in a liquid polymer?’. Pd-based bimetallic nanoparticles are

known to exhibit efficient catalytic properties?™??, for example, Pd-shell /Pt-core nanopar-

23,24 and it is applicable for fuel cells. In the

ticles show enhanced electro-catalytic activity
following, the structural change during synthesis is first observed experimentally, then the
formation of bimetallic nanoparticles is simulated by the molecular dynamics (MD) analysis,
and the formation process is discussed from the comparison between the experimental and

simulated results.

II. EXPERIMENTAL

PdAu, PdAg, and PdPt nanoparticles were fabricated on AlyO3 (0001) substrate by
co-sputtering. Two RF-magnetron sputtering cathodes are equipped with the sputtering
chamber for Pd and another metal, and composition ratio was controlled by changing the
input power for the cathodes between 6 W and 35 W, changing the deposition rates between
0.001 nm/s and 0.043 nm/s. Background pressure was less than 4.0 x 10~* Pa, and Ar
pressure during the sputtering was 0.8 Pa.

The formation process was monitored using the resistive spectroscopy®. A lithium nio-

3 was placed under the substrate, and the

bate oscillator, measuring 2.5 x 1.7 x 0.2 mm
resonant spectrum around the 1.86-MHz resonant mode was repeatedly measured using the
line antennas and network analyzer. In previous work?®, we observed that the resonant
peak temporarily broadened as the nanoparticles grew and contacted each other on the top
surface of the substrate. The vibrating lithium niobate generates the electric field near the
substrate surface, and it causes the electrical current flow in the deposited metals. When
isolated nanoparticles are formed on the substrate, the surface resistance is significantly
high, and energy loss by Joule heating barely occurs. As the nanoparticles grow and the gap
distance becomes smaller, the resistance decreases and the current is increased, in which the
energy loss becomes larger. After the nanoparticles contact each other and a continuous film
is formed, the resistance becomes significantly small, and the energy loss becomes smaller.
Therefore, by identifying the timing when the full width at half maximum (FWHM) of the

peak is maximum, the transition from isolated nanoparticles to connected nanoparticles is

detected. Figure 1(a) shows the resonant spectra measured during the co-sputtering of Pd

3
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FIG. 1. (a) Representative resonant spectra measured during co-sputtering of Pd and Au and (b)
the corresponding FWHM change. Individual points 1-5 in (b) denote the timings at which the

corresponding resonant spectra in (a) were obtained.

and Au, and Fig. 1(b) shows the corresponding FWHM change. It is clearly observed that
the resonant peak is temporarily broadened, and the FWHM shows the maximum around
100 s, indicating the contact between nanoparticles. The resistive spectroscopy has previ-
ously been used for fabricating nanoparticles with nanogaps®®2”. However, in our previous
work!”, it was demonstrated that this method is applicable to investigate structural evo-
lution of core-shell nanoparticles fabricated by sequential sputtering. In this study, it is
applied to the co-sputtered nanoparticles to investigate what kind of growth process and

internal structure occurs during the fabrication.

The internal structure of nanoparticles is evaluated from the FWHM change. When
alloy nanoparticles are synthesized on a substrate, their shape changes depending on their
surface energy; as the surface energy increases, the contact angle with substrate increases
and it makes nanoparticles spherical. Because the surface energy changes depending on
the composition on the surface, evaluating the shape of the nanoparticles would identify
the surface composition, which makes it possible to estimate the internal structure of the
nanoparticles. However, it is not straightforward to evaluate the shape during sputtering. To
overcome this difficulty, we identify the timing of the transition from isolated to connected
nanoparticles, because the timing should reflect the nanoparticle shape; as the contact angle
decreases, the nanoparticles tend to grow along the substrate surface and contact each
other earlier. In this study, we measure the change in FWHM for co-sputtered bimetallic

nanoparticles. The results are compared with those measured for sequentially sputtered core-

4
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shell nanoparticles in our previous study'”, and the formation dynamics of co-sputtered alloy

nanoparticles are discussed.

III. FWHM-PEAK BASED STRUCTURAL CHARACTERIZATION

Figure 2(a) shows the FWHM changes for the co-sputtered PdAu nanoparticles. A single
peak is observed in all nanoparticles, and the peak appears later as the Au fraction increases.
The thickness of the nanoparticles at which the FWHM appears was deduced from the
deposition rate and it is summarized in Fig. 2(b). The results for sequentially sputtered
nanoparticles'”, denoted by B/A, are also shown in Fig. 2; metal B was sputtered after metal
A was sputtered. The Au fraction of the nanoparticles denotes the value at the FWHM peak.
When the Au fraction was zero (pure Pd), the FWHM peak appeared at a thickness of about
2 nm. The value was almost unchanged at Au fraction of 0-0.5. The thickness increased
at Au fraction of 0.7-10, and it became about 4 nm for Au nanoparticles. Similar behavior
was observed for Au/Pd nanoparticles, which were synthesized by sputtering Pd followed by
Au and Au-shell/Pd-core structure was formed. This similarity indicates that the formation
process of co-sputtered PdAu nanoparticles is similar to that of Au/Pd nanoparticles and
an Au-shell/Pd-core structure is formed. Considering that the surface energy of Au is
lower than that of Pd?®, the segregation of Au on the nanoparticle surface during the co-
sputtering is reasonable. In contrast, sequentially sputtered Pd/Au nanoparticles show
different behavior; the FWHM peak appeared significantly later than the co-sputtered and
Au/Pd nanoparticles. In Pd/Au nanoparticles, interdiffusion occurs during the sputtering of
Au due to the high diffusivity of Au atoms, and it causes formation of spherical nanoparticles
and segregation of Au are accompanied with it.!7 Such restructuring reduces the growth
rate of nanoparticles in the in-plane direction; closure of the gap distances is therefore
slow, resulting in a delayed FWHM peak. Such a delayed peak was not observed in the
co-sputtered nanoparticles, and their internal structure is different from that of the Pd/Au
nanoparticles.

Figure 3(a) shows the results for co-sputtered PdAg nanoparticles. Results for sequen-
tially sputtered Ag/Pd and Pd/Ag nanoparticles’” are also shown. While a single FWHM
peak was observed for the PdAg and Ag/Pd nanoparticles, two peaks were observed for the
Pd/Ag nanoparticle. The Pd/Ag nanoparticle was fabricated by changing the deposition

5
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FIG. 2. FWHM change during sputtering for Pd-Au system. (a) Measured FWHM change during
the sputtering. The number in parentheses are the atomic fraction of Au at the FWHM peak. (b)
Relationship between thickness and atomic fraction of Au at FWHM peak. Experimental results
for Pd/Au and Au/Pd nanoparticles are adapted with permission from Phys. Rev. B 105, 125401

(2022). Copylighted by the American Physical Society.

metal from Ag to Pd at a certain moment where nanoparticles were still isolated. Then, Ag
nanoparticles were covered with Pd, and gaps between nanoparticles become temporarily
wider, because the surface energy of Pd is higher than that of Ag?®, and it increases the
contact angle with substrate, making nanoparticles spherical. After this, the gaps between
nanoparticles restart to become narrower, and the second peak indicates the timing at which
nanoparticles contact. In Pd/Ag nanoparticles, restructuring that was observed in Pd/Au
nanoparticles does not occur, and morphological change in Pd/Ag nanoparticles is different
from that in Pd/Au nanoparticles.!” Figure 3(b) shows the thickness at which the FHWM
peak appears. Regarding the PdAg nanoparticles, the thickness is unchanged at Ag fraction
of 0-0.2. Around Ag fraction of 0.9, the thickness becomes larger, but it is still smaller
than that for Ag nanoparticles. This result indicates that structure of PdAg nanoparticles
is similar to that for Pd nanoparticles rather than that for Ag nanoparticles. Compared to
the sequentially sputtered nanoparticles, the plots for the PdAg nanoparticles appear close
to that for the Ag/Pd nanoparticle, rather than those for the Pd/Ag nanoparticles. This
result indicates that an Ag-shell /Pd-core structure is formed in PdAg nanoparticles, which

is explained by the lower surface energy of Ag than that of Pd.

For PdPt, Pd/Pt, and Pt/Pd nanoparticles, a single FWHM peak was observed as shown
in Fig. 4(a). As seen in Fig. 4(b), the FWHM peak appeared around 1 nm regardless

6
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FIG. 3. FWHM change during sputtering for Pd-Ag system. (a) Measured FWHM change during
the sputtering. The number in parentheses are the atomic fraction of Ag at the FWHM peak. (b)
Relationship between thickness and atomic fraction of Ag at FWHM peak. Experimental results
for Pd/Ag and Ag/Pd nanoparticles are adapted with permission from Phys. Rev. B 105, 125401

(2022). Copylighted by the American Physical Society.
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FIG. 4. FWHM change during sputtering for Pd-Pt system. (a) Measured FWHM change during
the sputtering. The number in parentheses are the atomic fraction of Pt at the FWHM peak. (b)
Relationship between thickness and atomic fraction of Pt at FWHM peak. Experimental results
for Pd/Pt and Pt/Pd nanoparticles are adapted with permission from Phys. Rev. B 105, 125401

(2022). Copylighted by the American Physical Society.

of the Pt fraction and the fabrication methods (co-sputtering or sequential sputtering).
Considering that the surface energy of Pd is lower than that of Pt?®, the formation of Pd-
shell /Pt-core structure was expected. However, no significant difference was observed in the

experimental results, and the internal structure could not be deduced.

7
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IV. MOLECULAR DYNAMICS SIMULATION

From the experiments, it was expected that a metal with lower surface energy tend
to appear on the surface of co-sputtered nanoparticles, and the morphology of the alloy
nanoparticles is similar to that of the core metal. To confirm validity of this interpretation,
formation process of the nanoparticles by co-sputtering was simulated by the MD simulation.
In Cartesian coordinate system X-Y-7, X X Y = 9.5 nm x 11.0 nm substrate atomic model
was prepared. The substrate was considered as face centered cubic (111) Al atomic layers
to simplify the model, and X and Y directions were set as [112] and [110], respectively.
Periodic boundary condition was employed for X and Y, and the vacuum was set along Z
direction to mimic the surface of substrate. MD simulation was implemented using this
substrate model and to mimic the sputtering process, additional atoms (Pd, Au, Ag and
Pt) with random Z direction velocity at the range from -0.01 to -0.02 nm/ps were inserted
at the random position with 2.0 to 3.0 nm height from the surface of substrate with the
insertion rate 1 atom/ps during MD simulation. Atomic fraction of Au, Ag, and Pt was
set to be 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 for PdAu, PdAg, and PdPt co-sputtering

simulations, respectively. Shan et al. embedded atom method (EAM) potential®®:3

was
used as interaction potential between Pd-Pd, Pd-Au, and Au-Au atoms for PdAu co-
sputtering simulation. Hale et al. EAM potential3! was used as interaction potential between
Pd-Pd, Pd-Ag, and Ag-Ag atoms for PdAg co-sputtering simulation. Zhou et al. EAM
potential®? was used as interaction potential between Pd-Pd, Pd-Pt, and Pt-Pt atoms
for PdPt co-sputtering simulation. We confirmed (111) surface energy of Au, Ag and Pt
are 1.68, 7.16 eV /nm? lower and 2.06 eV /nm? higher than that of Pd for each potentials,
which is qualitatively consistent with the previous study?®. Mimicking the van der Waals

force between the substrate atom and sputtered atoms, Al-Al and Al-(sputtered atom)

interactions were described using a conventional Lennard—Jones form,

e = | ()" (%) |

ri; is the distance between ¢ and j atoms. From parameter study, the values of ¢ and ¢ for
Al-Al and Al-(sputtered atom) were determined as Table I as MD simulation can reproduce
the timing of the FWHM peak measured in the experiments. For example, the experimental

result that the FHWM peak of Pd appears earlier than that of Au indicates that the covering

8
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TABLE I. The values of Lennard—Jones potential parameters o and ¢ for Al-Al and Al—(sputtered

atom) interaction. The unit of o and ¢ are eV and nm, respectively.

9 g

AL-Al 0.507 0.246
ALPd 0.1 0.246
Al-Au 0.06 0.246
Al-Ag 0.05 0.246
APt 0.4 0.246

of the substrate surface by Pd progresses faster than that by Au. The parameters were
determined to reproduce this difference in the progress of the surface coverage. Note for
Al-Al interaction, we refered Filippova et al.’s values®® and adjusted them as the lattice
constant is consistent with that of alumina, 0.475 nm. LAMMPS?** code is used and MD
co-sputtering simulation was implemented for 5 ns at constant temperature 300 K with time
step 1 fs. Representative animations of nanoparticles growth are shown in supplementary

material.

Figure 5 shows the snapshots at 1.5 ns, where nanoparticles are isolated on substrate. In
PdAu nanoparticles, Au atoms tend to appear on the nanoparticle surfaces, and nanopar-
ticles are almost covered with Au at Au fraction of 0.7. The Au segregation on the surface
agrees with that expected from the experimental results. Surface coverage of substrate by
nanoparticles was also evaluated. Figure 6 shows the surface coverage at 1.5 ns. For PdAu
nanoparticles, surface coverage gradually decreased as Au fraction increased, and between
0.9 and 1.0 the coverage decreased significantly. Regarding the number of nanoparticles,
8-10 nanoparticles are formed at 0.0-0.5, and it decreases at 0.7-1.0, which indicates that
the shape of nanoparticles tends to be similar to that of Pd nanoparticles even at Au fraction
of 0.5. Similar behaviors were observed at 3.0 ns, where some nanoparticles start to contact
(snapshots are shown in supplementary material). From these results, it is expected that
formation dynamics of PAAu nanoparticles is similar to that of Pd nanoparticles, even when

the surface of the nanoparticles is covered with Au.

Similar behaviors were observed in PdAg nanoparticles. Nanoparticles tended to be

9
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FIG. 5. MD simulation results for co-sputtering of (a) PdAu, (b) PdAg, and (c) PdPt. Images
were obtained at 1.5 ns. Atomic fractions of Au, Ag, and Pt are 0.0, 0.3, 0.5, 0.7, and 1.0 from top

to bottom. Yellow, red, green, and blue particles denote Pd, Au, Ag, and Pt atoms, respectively.
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FIG. 6. Surface coverage of substrate at 1.5 and 3.0 ns obtained by the MD simulations for
co-sputtering of (a) PdAu, (b) PdAg, and (c) PdPt.

covered with Ag rather than Pd (Fig. 5(b)). The surface coverage of the substrate decreased
as the Ag fraction increased, and it decreased significantly between 0.9 and 1.0 of Ag fraction
(Fig. 6(b)). A few nanoparticles were formed in Pd and PdAg nanoparticles though only
two nanoparticles were formed in Ag nanoparticles. These results expect that the formation

dynamics of PdAg nanoparticles is similar to that of Pd rather than that of Ag.

In PdPt nanoparticles, Pd tended to appear on nanoparticle surface, and the number of
nanoparticles increased as the Pt fraction increased (Fig. 5(c)). The surface coverage of the
substrate was almost independent of Pt fraction as shown in Fig. 6(c), and the behavior

is similar to that experimentally observed in Fig. 4(b). In the experiments, formation of

10
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core-shell structure was not confirmed, but the Pd-shell/Pt-core structure was observed in
the MD simulations.

From the experimental and MD simulation results, it was confirmed that core-shell
nanoparticles are formed by co-sputtering and a metal with lower surface energy tends
to appear on the nanoparticle surface; Au, Ag, and Pd appear on the surface of PdAu,
PdAg, and PdPt nanoparticles, respectively. Surface energy of nanoparticles depends on
the composition and crystallographic orientation appearing on the nanoparticle surface. In
Fig. 5, (111) planes tend to appear on the nanoparticle surface, and the surface energy of
(111) plane is expected to play the dominant role. Although under certain conditions the
electronic energy also affects the total energy® and changes the shape of the nanoparticles,
this is not the case. Considering that the contact angle of nanoparticles with substrate
changes depending on the surface energy of nanoparticles, it was expected that the shape of
the nanoparticles would be similar to that made of the metal appearing on the nanoparticle
surface, e.g. Au in PdAu nanoparticles. However, the shape tended to be similar to that
made of the core metal, even when the atomic fraction of shell metal is higher than that of
core metal and surface of the nanoparticles is covered with the shell metal. These results
suggest that the formation process of alloy nanoparticles is as follows; the core nanoparticles
are formed predominantly on the substrate, and the shell metal diffuses onto the nanoparticle
surface.

The segregation in alloy nanoparticles can be expected from the surface energies of the
constituting metals, but it is difficult to predict the formation process of nanoparticles by
the conventional experimental and analytical methods. In this study, we demonstrated
that the formation process can be investigated by performing the in-situ observation of the

morphological change during the co-sputtering.

V. CONCLUSIONS

In summary, formation dynamics of Pd-based bimetallic nanoparticles synthesized by
the co-sputtering was experimentally and theoretically investigated by detecting the timing
at which nanoparticles contact on substrate and by the MD simulation. From both the
experimental and MD simulation results, it was confirmed that core-shell nanoparticles

were formed by co-sputtering. In addition, we observed that the formation process highly

11
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depends on that of core nanoparticles even when the atomic fraction of shell metal is higher

and the nanoparticle surface is covered with the shell metal.

SUPPLEMENTARY MATERIAL

See supplementary material for the MD simulation results; animations of nanoparticle
growth, snapshots (morphology of nanoparticles) at 3.0 ns, and changes in the surface cov-

erage of substrate with time.
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