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ABSTRACT: The synthesis of alloyed nanoparticles has been studied extensively; however, the
formation mechanisms involved remain unclear. Here, we reveal the detailed formation
mechanism of alloyed nanoparticles in a Pd-Ru system using a semi-batch polyol method in which
the simultaneous rapid reduction of both precursors was assumed to be the critical mechanism. We
employed a microflow reactor to realize rapid heating and cooling. A significant difference in the
reaction rate between the two precursors was observed. Pd was reduced in seconds, but the
reduction of Ru was two orders of magnitude slower than that of Pd and was not as rapid as
previously assumed. Further investigation of the semi-batch method was performed to trace
changes in the particle sizes and composition. Through quantitative and multilateral evidence, we
concluded that the formation of low-crystallinity seeds, followed by solid state diffusion, is the

governing mechanism for the formation of alloyed Pd-Ru nanoparticles.
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INTRODUCTION

Bimetallic nanoparticles are vital for practical performance in catalysis, gas storage, and sensing
applications®. There are four possible architectures in a bimetallic system: a solid solution alloy, a
core-shell structure, a heteroaggregate, and a mixture of monometallic nanoparticles?. These
architectures drastically change the nanoparticle characteristics and properties. For example,
Alayoglu and Eichhorn examined the catalytic activity during CO oxidation with a Rh@Pt core-
shell structure, a Pt-Rh alloy, and a Pt+Rh mixture, and they found that the temperature at which

CO was oxidized differed considerably, ranging from 70°C for Rh@Pt to 160°C for the Pt+Rh

mixtured. The influence of the bimetallic structure on the catalytic activity is based on lattice
shrinking/expansion generated by the atomic size difference, adsorption sites on the particle
surface, and elementary reaction steps with metal and adsorbed species*®. Importantly, metals
with a low affinity that segregate spontaneously in the bulk phase may form a nanoscale alloy.
Synthetic methods for bimetallic nanostructures have been widely studied and developed to
provide desirable architectures with a selected combination of elements’®. Compared with
monometallic nanoparticles, the synthesis of bimetallic nanoparticles is far more difficult and
complicated. Many factors of each element, such as crystal structure, bonding strength, surface
energy, atomic size, and electron vacancy, can interact and influence the nucleation and growth

processes?.

To synthesize alloyed nanoparticles, coreduction, in which two metal precursors are reduced in a
one-pot system, is the easiest and most common method'*3, However, an interaction between
precursors and the reaction kinetics often prevent alloying in the coreduction method. For example,

the coreduction of PdCl, and HAuUCIs in ethanol-water in the presence of poly(N-vinyl-2-



pyrrolidone) (PVP) at 30°C resulted in a Au@Pd core-shell structure!*. AuCls oxidizes reduced

Pd(0); therefore, Pd(0) can be stable only after all Au species are reduced. The mechanism was
revealed by tracing the concentration profile of the precursor during reduction by UV-Vis

spectroscopy*.

Although a rate analysis of the precursor reduction provides insight into the evolution mechanism
of various nanostructures, precursor conversion is rarely measured because of challenges faced in
separating the product nanoparticles from the unreacted precursors. Recently, Wang et al. avoided
the separation problem by conducting experiments without a capping agent’®. The synthesized
particles spontaneously aggregated and separated rapidly from the solution. The authors
successfully obtained kinetics information about the reduction of PdCls? in polyol. They found
that the twin structure and shape of Pd nanocrystals can be controlled quantitatively by the reaction
rate of the precursor reduction. Because the reaction temperature in their experiment was high,
reaching 160°C, the reaction time was set to a minimum of 25 s. This shorter reaction time would
cause not only difficulty in handling but also unreliable results due to the time delay in mixing and

heating.

Here, we hypothesized that a conversion measurement utilizing a microflow reactor would expand
our understanding of the mechanisms of bimetallic nanostructure formation. A microflow reactor
has advantages in mass and heat transfer because of the short diffusion length and the high surface-
to-volume ratio®®. Enhanced mass transfer provides an ideal homogeneous reaction condition for
particle synthesis. Tofighi et al. utilized a microflow reactor for synthesizing monodispersed AuPd
nanoparticles with a size of approximately 1 nm by achieving a mixing time of approximately 2

ms*’. An in situ study of gold nanoparticle synthesis was also conducted using the same device



and X-ray absorption spectroscopy to show the potential of microflow reactors in the nanoparticle
study*®. A microflow reactor also has advantages for conducting reactions at elevated temperatures
and pressures. A back-pressure regulator can comfortably and safely create pressurized reaction
conditions in the flow scheme. For instance, various metallic nanostructures have been produced
in a remarkably short time, down to tens of seconds, through rapid heating in a single pressurized
microflow reactor!®. Microchips made of silicon carbide yield the best performance in these
applications?®2!; however, commercial miniature tubing is becoming increasingly popular because
of its low cost. Commercially available tubes and fittings also show excellent performance,
displaying characteristics of submillisecond mixing??, a uniform residence time distribution?2,
and a heat transfer coefficient greater than 20,000 W/m? K when the materials are appropriately
chosen and configured®. Microflow reactors are now widely used for the fundamental study of
nanoparticles and colloids?®-28, as well as in industrial continuous crystallization plants, at the pilot

scale®.

We selected the synthesis of Pd-Ru alloyed nanoparticles (with a semi-batch polyol method) as
the model case for our study. Palladium and ruthenium have a low affinity for one another,
different crystalline structures, and melting points that differ by 700 K?; therefore, they
spontaneously separate in the bulk phase®. Kusada et al.?! first reported the method for making
solid solution alloy nanoparticles in this system. They slowly injected an aqueous solution
containing RuCls and K>PdCls into triethylene glycol (TEG) containing PVP that was heated to

200°C. They employed a semi-batch system, aiming to realize the simultaneous and instant
reduction of both precursors. They reported that the Pd ions were reduced at approximately 90°C,
and the Ru ions were reduced at approximately 160 “C by TEG; thus, a common batch method

resulted in phase separation that was attributed to a sequential reduction during heating. The



alloyed Pd-Ru nanoparticle showed synergetically enhanced catalytic activity for CO oxidation,

the Suzuki-Miyaura cross-coupling reaction®?, NOx reduction®®, and formic acid electrooxidation.

In this work, we report the results of the conversion measurement of PdCl,> and Ru®** in TEG at
200°C using a microflow reactor. The reaction time was precisely controlled from several seconds

to minutes. The required time for reduction differed by orders of magnitude between the precursors.
Experiments using the microflow reactor, combined with the original semi-batch method and the
collection of multiple samples during operation, revealed the critical role of solid state diffusion

in forming alloyed nanoparticles.

EXPERIMENTAL SECTION

Na2PdCls (Inuisho Precious Metals, Osaka, Japan), RuClz-nH20 (Wako Pure Chemical Industries,
Osaka, Japan), TEG (Alfa Aesar, Ward Hill, MA, USA), PVP (K30, Wako), Y(NO3)3-6H.0
(Aldrich, St. Louis, MO, USA), and hydrochloric acid (Wako) were purchased and used without
further purification. Ultra-purified water was prepared using a Milli-Q water purification system
and used throughout the experiment. Commercial RuCls-nH2O has been reported to contain Ru'v
hydrolysates and polymers®; nevertheless, we assumed the composition to be RuCls-3H,0 in this

study, according to Kusada et al.3!.

Conversion measurement of precursors using a microflow reactor. Figure 1(a) shows the
reactor system. A 1 mM solution of the metal precursor in TEG was prepared immediately before
the experiment. Perfluoroalkoxy alkane (PFA) tubing was used as a reactor and placed in an oil

bath set at 200° C. For short residence times down to 1 s, 1-m-long tubing, with an i.d. of 0.5 mm

was used. For residence times longer than 20 s, 2.67-m-long tubing, with an i.d. of 1.0 mm was



used. A tube-in-tube heat exchanger was connected to the reactor to cool the reaction solution
immediately. PFA tubing, with an i.d. of 0.5 mm and an o0.d. of 0.7 mm, was used as the inner tube.
PFA tubing, with an i.d. of 1.0 mm and an o.d. of 1/16”, was used as the outer tube. Water cooled
with ice was circulated through the outer tube at a flow rate of 30-70 mL min™. The reaction
solution was fed to the reactor through a syringe pump (PHD Ultra, Harvard Apparatus, Holliston,

MA, USA). Samples were collected at the outlet of the inner tube of the heat exchanger.

Conversion measurements of Na,PdCls were conducted according to the method developed by
Wang et al.®® A 1 mL sample was diluted with 9 mL of a 0.1 M HCI aqueous solution to prevent
further reaction. Then, the diluted sample was centrifuged for 10 minutes at 10,000 rpm (H-1500F,
Kokusan, Tokyo, Japan). The remaining amount of PdCls> in the supernatant was determined
through UV-Vis spectroscopy (Multispec-1500, Shimadzu, Kyoto, Japan) using the characteristic

absorbance peak at 279 nm.

For the conversion measurement of RuCls, 1 mL of sample was diluted with 19 mL of an aqueous
solution containing 0.1 M HCI and 1 mM of Y(NOs3)s. HCI was added to preserve the precursor,
and Y (NOs)3 was added as the internal standard. Then, the diluted sample was centrifuged for 10
minutes at 10,000 rpm. The remaining metal ion content in the supernatant was determined through
inductively coupled plasma atomic emission spectroscopy (ICP-AES) with an ICPS-7500

(Shimadzu).

When both Na>PdCls and RuCls were added to the reactant solution to investigate the interaction
between precursors, the amount of both elements dissolved in the product solution was quantified

through the ICPS-7500.



Flow synthesis of Pd-Ru nanoparticles with rapid heating. Figure 1(b) illustrates the reactor
system. A reactant solution was prepared by mixing 5 mL of a precursor solution and 50 mL of a
reductant solution. The precursor solution contained 12.5 mM of RuCls and K2PdCls in water. The
reductant solution contained 40 mM of PVVP on a monomer basis in TEG. Two stainless steel tubes
were connected and used as a reactor. The first tube was 7 cm long, with an i.d. of 0.1 mm. The

second tube was 72 cm long, with an i.d. of 1.0 mm. The reactor was placed in an oil bath at 200°C.

Extra tubing for cooling, with an i.d. of 0.5 mm, was connected to the end of the reactor and placed
in a water bath that was cooled with ice. A back-pressure regulator (BPR, IDEX Health & Science,
Oak Harbor, WA, USA) set to 250 psi (1.7 MPa) was placed at the outlet to prevent boiling. The
reactant solution was fed to the reactor through a syringe pump (PHD Ultra, Harvard Apparatus)
at 5.5 mL min™. The heating time in this system was estimated to be 0.3 + 0.1 s (see Supporting

Information).

Semi-batch synthesis of alloyed Pd-Ru nanoparticles through the simultaneous addition of
precursors. Figure 1(c) shows the reactor system. Semi-batch synthesis was performed according
to the original method by Kusada et al.®!, except for the injection time, which was not specified in
the original paper. A reductant solution was prepared by dissolving 444 mg (4 mmol on a monomer
basis) of PVP into 100 mL of TEG. A precursor solution was prepared by dissolving 147.3 mg
(0.5 mmol) of NazPdCls and 131.1 mg (0.5 mmol) of RuCls-nH20 into 40 mL of water. The
reductant solution was heated to 200°C in a round-bottomed flask using a heating mantle (GB-3,
Taika, Osaka, Japan). The solution was stirred at approximately 200 rpm using an overhead stirrer.
The precursor solution was injected into the reductant solution over a 25-minute period through a
syringe pump (PHD Ultra, Harvard Apparatus). The solution was kept at 200°C for 275 minutes

and stirred after the injection was completed.



The samples for transmission electron microscopy (TEM) and X-ray powder diffraction (XRD)
were prepared separately. For TEM analysis, a total of 0.05 mL of the reactant solution was
sampled during the reaction. The solution was diluted in 1 mL of methanol for quenching and then
dropped immediately onto a carbon-coated copper grid. Because XRD analysis requires an isolated
sample in tens of milligrams, the entire solution from a batch was used to prepare a sample. At a
certain reaction time, the injection was stopped, and the entire reactant solution was poured into a
stainless steel container placed in an ice bath for immediate quenching. After quenching, the
remaining glycol and ions were replaced in the water using a dialysis membrane with a molecular
weight cutoff of 50 kD (Float-A-Lyzer, Repligen, Waltham, MA, USA). Next, the dialyzed
solution was concentrated by gently evaporating the water. Particles were then separated and

washed with methanol by repeating the 1-hour centrifugation twice at 12,000 rpm.

Semi-batch synthesis of Pd-Ru nanoparticles with the sequential addition of precursors. Two
precursor solutions were prepared separately by dissolving 73.7 mg (0.25 mmol) of Na,PdCls and
65.6 mg (0.25 mM) of RuCls-nH20 into 5 mL of TEG. A reductant solution was prepared by
dissolving 222 mg (2 mmol on a monomer basis) of PVP into 50 mL of TEG. The reductant
solution was heated to 200°C in a round-bottomed flask using a heating mantle. The solution was
stirred at approximately 200 rpm using an overhead stirrer. One precursor solution was injected
into the reductant solution over 20 minutes through a syringe pump. After 5 minutes of aging,
another precursor solution was injected over 20 minutes. The solution was kept at 200°C while
stirring for 45 minutes after completing the injection. A total of 0.05 mL of the reactant solution
was sampled after each aging time. The sample was diluted into 1 mL of methanol and dropped
onto a carbon-coated copper grid for subsequent TEM analysis. Samples for the XRD analysis

were separately synthesized following the same reported procedure and isolated by centrifugation



for 1 hour at 12,000 rpm. Pd seeds and Ru seeds were also prepared as XRD standards and isolated

by centrifugation for 1 hour at 12,000 rpm.
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Figure 1. The reactor setup for nanoparticle synthesis: (a) conversion measurement setup with a
heat exchanger; (b) rapid heating synthesis with a narrow channel; and (c) a semi-batch system

with a round-bottom flask.

Particle characterization. The shape, size, and composition of the particles were analyzed by
TEM. TEM images were obtained using a JEOL JEM-2100F instrument. Scanning transmission
electron microscopy (STEM) images with energy dispersive X-ray spectroscopy (EDX) were
obtained using JEM-2100F and FEI XFEG TITAN systems. High-angle annular dark field
(HAADF) detectors were used to acquire the STEM images. The average diameter and standard

deviation of the resultant particles were calculated by measuring the area of at least 100 particles
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from the TEM images. XRD patterns were measured with a MultiFlex diffractometer (Rigaku,
Tokyo, Japan) using a Cu-Ka (A = 1.54184 A) beam. The atomic composition of the particles was
analyzed by ICP-AES. After the XRD analysis, the samples were placed in a high-pressure vessel
for metal analysis (SV-25, GL Sciences, Tokyo, Japan) with 4 mL of aqua regia and then kept at
200°C for 1 hour. The dissolved sample was diluted and analyzed for its atomic composition by

the ICPS-7500.

RESULTS AND DISCUSSION

Difference in reduction times between precursors. Figure 2 shows the profiles of the remaining
precursor ions that were obtained by utilizing a microflow reactor system. Due to the advantages
of the microflow reactor, reaction times as short as 1 s were successfully examined in our scheme.
In the case of PdCl.%, the remaining precursor in the solution decreased exponentially. Wang et
al.™® reported that the rate equations of PdCls? reduction could be expressed as quasi first-order
reactions. Our results agree with their observations. The reaction was fast and finished in
approximately 5 s. In the case of RuCls, the reaction time was significantly longer than that of
PdCl4%. Even after 4 minutes, 12% of Ru remained in the solution as ions. The lower reactivity of
the Ru precursor than the Pd precursor was also suggested in a recent report by Laura et al., in
which Pt-Pd and Pt-Ru bimetallic nanoparticles were synthesized using a microflow reactor®.
Conversion measurements with the reactant solution dissolving both precursors were also
conducted to investigate the interaction between the precursors. It is known that the catalytic cycle
works in some combinations of metal precursors and completely changes the reaction rate“.
Judging from the conversion profiles obtained in the coreduction process, a synergetic reduction
reaction between PdCls> and RuCls did not occur, suggesting a weak interaction. Kusada et al.

surmised that the reduction of RuCls was as instantaneous as that of PdCls> at the elevated
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temperature because the color of the precursor solution immediately changed to black. Metal
nanoparticle suspensions appear dark, and color is often used as an indicator for successful
reduction®. Figure 3 shows the color of the obtained Ru®* solution at the outlet for each residence
time. The color changed dramatically in the initial stage, from red to green and then to dark blue.
Ru®" is known to exist in both the hydrolyzed and polymerized forms of the solution®. The instant
color change results from the numerous reactions of dehydrolyzation, depolymerization, and
reduction to Ru?*. A qualitative investigation based on the color of the solution is easy and intuitive
but not sufficient for determining the complete conversion, particularly for a multiple reaction
system. Consequently, a quantitative evaluation based on the concentration measurements in the

reaction solution provides a significant new insight into the underlying mechanism.
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Figure 2. Concentration profiles of the precursor ions reacted at 200°C in TEG: (a) Na2PdCls and

(b) RuCls,
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Figure 3. Color changes of the solution containing RuCls in TEG: the corresponding residence

times at 200°C are 0, 5, 10, 30, 120, and 600 s (from left to right).

Phase segregation with rapid heating. The crucial step for alloying in the semi-batch synthesis
at 200°C was assumed to be the simultaneous instant reduction of both precursors, enabled by

rapid heating during the dropwise injection. However, the slow reduction of RuCls described in
the previous section contradicts this assumption. With a conventional flask, it is difficult to
determine whether the key step for alloying lies in the heating rate or the operation mode itself.
Here, we utilized a microflow reactor to instantly heat the precursor and glycol mixture. A
premixed solution of the two precursors in TEG was fed into the stainless steel microflow reactor

in the oil bath at 200°C. Figure 4(a) shows an image of the obtained particles. Despite the rapid

heating (i.e., approximately 0.3 s), there was a clear segregation between larger particles
(approximately 10 nm) and smaller particles (approximately 3 nm). Figure 4(b) shows the high-
resolution image of the larger particle. This image clearly shows that the particle had a well-defined
crystalline structure. Figures 4(c) and (d) provide an elemental analysis of a representative larger
particle. The characteristic EDX spectrum of Pd was dominant, with the spectrum of Ru
contributing little to the total EDX signal. Thus, it would appear that successful alloying in the

semi-batch method is not due to the instant heating of the injected precursor solution. Next, we
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explored the time evolution of bimetallic particles during the semi-batch synthesis to identify the

underlying mechanism of alloying.
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Figure 4. Characterization of the Pd-Ru nanoparticles obtained through the flow synthesis
method with rapid heating: (a) An STEM-HAADF image showing segregated particles, (b) a high-
resolution STEM-HAADF image showing the high crystallinity of the produced Pd-Ru
nanoparticles. The inset is a magnification of the image with atomic resolution. (c) EDS analysis
at the area marked in Figure 4(a), and (d) Pd and Ru EDS line profiles of the particle in Figure

4(b)

Particle profiles during semi-batch operation. We conducted the original semi-batch

experiment by injecting the precursor solution into the heated glycol solution over a 25-minute
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period, followed by 5 hours of aging. Small amounts of the reactant solution were sampled
continually and observed using TEM to reveal the progress of the alloy formation. Figure 5(a)
presents the results of the STEM-HAADF observation and elemental mapping for each stage of
the operation. The particles obtained after the complete procedure aligned with the results of the
original report by Kusada et al. The particle size was 12.1 + 2.5 nm (Kusada et al., 10.0 £ 1.2 nm),
with homogeneously distributed Pd and Ru at the same atomic ratio. The small difference in size
could be attributed to the injection time, which was not specified in the original report. At 1 minute
of injection, the particles were small, approximately 5 nm, and showed a core-shell-like structure.
The Ru signal was low compared with the strong Pd signal. The EDX mapping depicted in Figure
5(a-ii) and (a-iii) indicated that the Pd-Ru nanoparticles became more homogeneous in atomic
composition as the reaction time increased. Figure 5(b) summarizes the time evolution of the
particle size and the atomic ratio of Ru to Pd. The semiquantitative data (obtained using a local
analysis technique) as the STEM-EDX spectrum and the quantitative data (obtained using a bulk
analysis technique) as the ICP-AES results were included. The analysis aligned with the
aforementioned results and revealed that the Pd-Ru nanoparticles evolved into particles with large
dimensions and that the Ru/Pd atomic ratio was increased upon increasing the operation time.
However, the STEM-EDX analysis revealed a Ru/Pd value larger than that in the ICP-AES
analysis. This mismatch could be attributed to the Ru-rich surfaces at the early stages. The increase
in particle size indicates that particle growth was more dominant than nucleation, which would
only proceed at the very beginning of the injection. The smaller Ru/Pd atomic ratio at the earlier
stages is well explained by the slower reduction of RuCls, as previously discussed. There would

be a time delay of several minutes between the injection of RuClz and the reduction of Ru ions to
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solid Ru(0). The change in the atomic distribution of Ru in each particle can be explained by an

intraparticle solid state diffusion.
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Figure 5. Characterization of Pd-Ru nanoparticles obtained during the semi-batch procedure, with
simultaneous addition of precursors: (a) TEM images, STEM-HAADF images, and STEM-EDX
mapping of the particles obtained at (i) 1 minute, (ii) 3 minutes, (iii) 15 minutes, and (iv) 300
minutes; (b) the average particle size determined through the TEM images and atomic composition

of the nanoparticles; and (c) XRD spectra of the obtained nanoparticles.
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XRD analysis was conducted to clarify the crystallinity and structure of the nanoparticles. Figure
5(c) shows the XRD spectra of the Pd-Ru samples and the reference monometallic nanoparticles.
The XRD spectrum of the 300-minute reaction was confirmed to be identical to the spectrum of
Pd-Ru alloyed nanoparticles reported in the original literature®l. The comparison is included in the
Supporting Information (Figure S1). Pd and Ru have a similar atomic radius; however, they have
a different coordination at the crystal unit cell, with one having a face-centered cubic (fcc) structure
and the other having a hexagonal close-packed (hcp) structure. In a previous study, Pd-Ru alloyed
nanoparticles were confirmed to have both fcc and hcp structures in a single solid solution
nanoparticle through synchrotron XRD analysis and selected area diffraction pattern TEM
analysis®!. The final products at 300 minutes would have the same fcc and hep structures in a single
particle. Judging from the observed spectra shift during the semi-batch procedure, some change in
the structure, such as the evolution of crystalline arrangement or structural relaxation, would have
occurred with the solid state diffusion. A well-defined fcc phase was observed at a short synthesis
time, and an hcp phase was weakly observed as the reaction time was increased (Figure 5-c). These
results align with those in the literature®’, in which the lattice parameter of the alloyed Pd-Ru
nanoparticles was increased linearly when the Pd atomic ratio was increased by changing the

concentration of the Pd precursor, indicating a trend of lattice relaxation®’.

Requirements for successful solid state diffusion. Wu et al. synthesized sub-5 nm Pd-Ru alloyed
nanoparticles using another procedure34. In their method, a RuCls solution was first added to EG
at 196°C to synthesize Ru seeds. Second, a K,PdCls solution was introduced dropwise for
approximately 4-5 minutes to deposit Pd atoms on the seeds. Then, the mixture was refluxed for 1
hour so that the solid state diffusion could be completed. The simultaneous precursor introduction

method by Kusada et al. and the sequential introduction method by Wang et al. were considered
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to have different alloying mechanisms®8. However, our results suggest that the solid state diffusion
of the later reduced and deposited atoms on the seeds is a common and critical mechanism for
realizing alloyed nanoparticles in the Ru-Pd system. We conducted the sequential addition of
precursors at 200°C in TEG to clarify the prerequisites of successful solid state diffusion. Figures
6(a-1) and (a-ii) show the TEM images of the seeds synthesized by introducing one precursor into
the heated TEG. Ru resulted in seeds measuring 4.1 £ 0.6 nm in diameter, and Pd formed more
regular structures of truncated octahedrons, with a diameter of 11.6 + 2.3 nm. Figures 6(a-iii) and
(a-iv) show an STEM-EDX mapping of the Pd-Ru bimetallic nanoparticles that were obtained
after introducing another metal precursor to the seeds. In both cases, the bimetallic nanoparticles
resulted in core-shell structures in which the seed metal occupied the core and another metal
existed in the shell. These results indicated that presynthesized cores were too rigid for surface
atoms to diffuse into and that a high temperature alone is not enough for successful solid state
diffusion. Figure 6(b) presents the XRD spectra of the Pd-Ru nanoparticles obtained through the
sequential addition of precursors. The spectra of seeds and alloyed Pd-Ru nanoparticles are also
shown as a reference. Pd precursor injection into the Ru seeds resulted in the spectrum that had all
the characteristic peaks of monometallic Pd and Ru. Pd would have formed fcc crystalline
structures separately from the Ru seeds. Ru precursor injection into the Pd seeds resulted in a
spectrum that was similar to but slightly different from the Pd seeds. In both cases, the sequential
addition of precursors resulted in a crystalline structure that was completely different from the one
formed by the alloyed nanoparticles obtained through the simultaneous addition. Alloying by
galvanic replacement, which is driven by the difference in redox potentials and plays an important

role in some systems®>#° was not confirmed in this study.
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Figure 6. Characterization of Pd-Ru nanoparticles obtained through the sequential addition of each
precursor: (a-1) TEM image of Ru seeds synthesized by a 20-minute injection, (a-ii) TEM image
of Pd seeds synthesized by a 20-minute injection, (a-iii) STEM-HAADF images and STEM-EDX
mapping of Pd-Ru nanoparticles obtained after the injection of the Pd precursor into Ru seeds, (a-
iv) STEM-HAADF images and STEM-EDX mapping of Pd-Ru nanoparticles obtained after the

injection of the Ru precursor into Pd seeds, and (b) XRD spectra of the obtained nanoparticles.

Figure 7 shows a model of the mechanism for forming Pd-Ru alloyed nanoparticles driven by
solid state diffusion, according to the results obtained in this report. First, the dropwise injection
of the precursor solution keeps the precursor concentration low in the reacting media. Then, the
Pd precursor is reduced in seconds and nucleates to form seeds with low crystallinity. It is well
known that a small supersaturation tends to cause stacking faults, dislocations, or twin defects
during the nucleation stage®>**. If all precursors are dissolved in glycol and then heated, Pd
immediately forms crystalline particles because of the high supersaturation, resulting in phase
segregation, as shown in Figure 4. If seeds with low crystallinity can be obtained, then the
sequential addition of precursors is possible, as described in the method by Wu et al**. Next, the
subsequent continuous supply and reduction of precursors enable the deposition of reduced
atoms on the particle surface. The low supersaturation suppresses further homogeneous
nucleation. Surface atoms then diffuse into the particle to form an alloyed nanoparticle with the
assistance of the high temperature used in the polyol reducing method. If the seeds have a rigid
crystal structure, then the surface atoms fail to enter into the seeds and form a shell, as shown in

Figures 6(a-iii) and (a-iv).
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Figure 7. A model of the Pd-Ru alloy formation mechanism driven by solid state diffusion.

From the above revealed mechanism, we propose the following guidelines for designing a
new synthetic procedure that is aimed at the controlled production of alloyed Pd-Ru
nanostructures: 1) Start by making seeds with low crystallinity to prevent the formation of a rigid
monometallic crystal structure. 2) Maintain a low supersaturation for a long period to undergo the
deposition and diffusion cycle while avoiding homogeneous nucleation. 3) Operate at an elevated

temperature by using the polyol and solvothermal processes for promoting solid state diffusion.

These guidelines may be general and of great interest for the production of alloyed nanoparticles

where a variety of combinations of elements is required.

CONCLUSIONS

In this study, a mechanistic study of the formation of alloyed Pd-Ru nanoparticles was performed
through conversion measurements, flow synthesis, and semi-batch synthesis with sampling over

time. Microflow reactors were utilized for their rapid heating ability and controlled short residence

21



time. Microflow reactors enabled a quantitative investigation of the reducing time and interaction
between precursors. Our approach revealed a much slower reducing time for RuCls than for
Na,PdCls and demonstrated that only rapid heating of the reactant solution causes phase
segregation in particles. We propose a solid state diffusion mechanism for Pd-Ru alloyed
nanoparticle synthesis, with further investigation of the semi-batch method. Quantitative and
reliable conversion measurements under harsh conditions utilizing a microflow reactor could be a
powerful tool to expand our understanding of the complex phenomena involved in nanoparticle

synthesis.
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