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Abstract 

Continuous synthesis of Pd@Pt and Cu@Ag core–shell nanoparticles was 

performed using flow processes including microwave-assisted Pd (or Cu) 

core–nanoparticle formation followed by galvanic displacement with a Pt (or 

Ag) shell. The core–shell structure and the nanoparticle size were confirmed 

using high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) observation and EDS elemental mapping. The 

Pd@Pt nanoparticles with particle size of 6.5 ± 0.6 nm and Pt shell thickness of 

ca. 0.25 nm were synthesized with appreciably high Pd concentration (Pd 100 
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mM). This shell thickness corresponds to one atomic layer thickness of Pt 

encapsulating the Pd core metal. The particle size of core Pd was controlled by 

tuning the initial concentrations of Na2[PdCl4] and PVP. Core–shell Cu@Ag 

nanoparticles with particle size of 90 ± 35 nm and Ag shell thickness of ca. 3.5 

nm were obtained using similar sequential reactions. Oxidation of the Cu core 

was suppressed by the coating of Cu nanoparticles with the Ag shell. 

 

Introduction 

The physical and chemical properties of metal nanoparticles improve 

drastically by encapsulation with other appropriate metals.
1–8

 In addition, the 

cost of precious metal nanoparticles can be reduced by using inexpensive core 

metals while maintaining characteristics of the outer shell metal. Moreover, 

shell metal layers prevent the oxidation of core metals. Therefore corrosion 

and leaching of core metals are also suppressed. Pd@Pt core–shell 

nanoparticles have attracted remarkable attention for use as electrode materials 

of polymer electrolyte membrane fuel cells (PEMFC) because of their 

considerably enhanced oxygen reduction activity compared to a Pt catalyst 

when used alone without the core–shell structure.
9–20

 

The uses of silver nanoparticles for electronic devices, conductive 

coatings and metal inks for inkjet printing have been known for years.
21–23

 In 

fact, Cu nanoparticles have been regarded as an alternative to Ag not only for 

economic reasons but also because Cu possesses high electrical conductivity 

comparable to that of Ag. Nevertheless, the easy oxidation of Cu strongly 

limits its use as an Ag substitute. Protection of Cu nanoparticles with an Ag 

Page 2 of 23Nanoscale



3 

 

shell i.e., core–shell Cu@Ag, has been regarded as an alternative method to 

prevent spontaneous Cu oxidation.
24–28

 

Among the various methods, wet-chemical processes have been widely 

accepted for core–shell nanoparticle syntheses.
1, 3–18, 20, 24–28

 Earlier studies of 

Pd@Pt and Cu@Ag syntheses involved multiple steps of batch procedures 

such as separation, washing, and pre-treatment of core metal nanoparticles and 

subsequent coating procedures of metal shells. Moreover, chemicals such as 

reducing agents, surface modification reagents, and surfactants are frequently 

used. 

Flow-type processes generally present advantages over batch processes 

with respect to continuous material production. Microwave (MW) dielectric 

heating has been used for inorganic/organic syntheses
29–37

 and metal 

nanoparticle synthesis.
38–40

 We originally designed an MW flow reactor 

system that forms a uniform electromagnetic field in a cylindrical single-mode 

MW cavity.
41–43 

A homogeneous heating zone can be created with certainty in 

the reactor tube mounted along the central axis of the MW cavity. Continuous 

flow synthesis of metal nanoparticles and metal complexes in polyols has been 

achieved using our MW reactor systems at ambient pressure and at elevated 

pressure.
41–43

 

For this study, we attempted to conduct a series of reactions coherently 

in a flow reactor system, i.e., MW-assisted flow reaction for rapid synthesis of 

core Pd (or Cu) nanoparticles with subsequent direct coating of Pt (or Ag) shell 

by the galvanic replacement reaction. In this system, spontaneous oxidation of 

core nanoparticles can be avoided by the direct transfer of a core metal 
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dispersion into a shell formation reaction without isolation. Moreover, specific 

chemicals are not necessary. The structure, particle size, and distribution of 

metals in Pd@Pt and Cu@Ag particles were characterized by HAADF-STEM 

observations and EDS elemental mapping. Suppression of Cu oxidation by 

coating with an Ag shell was evaluated using UV-vis absorption spectra. 

 

Experimental 

 

Chemicals 

For use in this study, Na2[PdCl4] (98%) and poly(N-vinylpyrrolidone) (PVP, 

Mw = 10,000) were purchased from Aldrich Chemical Co. Inc. Also, 

Cu(OAc)2 (97%) (OAc=acetate), H2[PtCl6]·6H2O (98.5%), AgNO3 (98%), 

NaOH (97%), ethylene glycol (EG), and glycerol were purchased from Wako 

Pure Chemical Industries Ltd. 

 

Microwave reactor system 

The MW reactor system consists of a variable-frequency microwave generator 

(2.5 GHz ± 200 MHz, 100 W) and a cylindrical single-mode cavity.
41, 43 

The 

inner diameter of TM010 single-mode cavity was designed based on the 

incident electromagnetic wave frequency (2.45 GHz). The cavity length was 

100 mm. A quartz tubular reactor (ID 1 mm) used as the flow-type reactor was 

mounted coaxially in the center of the TM010 cavity. The oscillation frequency 

for matching with the resonance frequency was monitored. The applied power 

was controlled by the temperature feedback module. This MW reactor system 
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is useful for rapid heating of liquid flows at pressures up to 10 MPa. The 

temperature of the reaction is measured using a radiation thermometer through 

the open slit (8 mm width) of the cavity. 

  

Flow synthesis of Pd@Pt and Cu@Ag core–shell nanoparticles 

A schematic view of the process developed for the continuous synthesis of 

metal@metal core–shell nanoparticles is portrayed in Fig. 1. Core 

nanoparticles were synthesized with a MW-assisted polyol process using 

either EG or glycerol as the reaction medium. An EG solution containing 

Na2[PdCl4] (100 mM) as a metal precursor and PVP (15 wt%) as a stabilizing 

agent was introduced continuously into the quartz tube reactor placed in the 

center of the microwave cavity. Actually, EG works as the reaction solvent and 

the reducing agent. Because of the high dielectric constant, polyols such as EG 

and glycerol efficiently convert MW energy to thermal energy. EG (bp 195 °C) 

was heated to 200 °C using MW irradiation under application of pressure. The 

microwave heating temperature was set at 200 °C with the flow rate of 50 ml 

h
-l
 which corresponds to residence time of 6 s. The reaction fluid was 

pressurized using a pump (Nanospace SI-2; Shiseido Co. Ltd.). The pressure 

was controlled manually using a pressure regulator. The solution was 

transferred directly to the T-type mixer for a metal–shell coating process 

without particle isolation. Preparation of Pd nanoparticles having different 

sizes was conducted by changing the concentrations of Na2[PdCl4] and PVP. 

The Pd nanoparticle dispersion was mixed with a Pt shell precursor 

solution (H2[PtCl6]·6H2O (100 mM) in EG). Then the solution pH was 
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adjusted with 5 M aqueous NaOH solution at the second T-mixer. The molar 

ratio of Pd : Pt was 3 : 1 and the pH value of the NaOH solution after mixing 

was controlled to 12. Then the reaction mixture was taken out of the mixer and 

let to stand at room temperature (6–72 h) for the Pt shell growth by a galvanic 

displacement reaction. 

Core–shell nanoparticles of Cu@Ag were synthesized in a procedure 

similar to that of Pd@Pt using Cu(OAc)2 and AgNO3 as the respective 

precursors of core and shell metals. A mixed solution of 10 mM Cu(OAc)2 and 

3 wt% PVP dissolved in glycerol was introduced continuously to the MW 

reactor (200 °C; reaction time 30 s) for the preparation of Cu core 

nanoparticles. Then AgNO3 (10 mM) and NaOH (300 mM) dissolved in EG 

were mixed to the Cu nanoparticle dispersion. The molar ratio of Cu : Ag was 

6 : 1. The pH value after mixing of NaOH solution was adjusted to 9. The 

reaction mixture was finally left standing at room temperature for 24 h. 

Nanoparticles of Pd@Pt and Cu@Ag were separated from the reaction 

solution by centrifugation and were again dispersed with ethanol and provided 

for TEM, HAADF-STEM, and EDS analysis, and for UV-vis spectral 

measurements. 

 

Instruments 

The sizes and distribution of nanoparticles were determined using 

transmission electron microscopy (TEM, TECNAI G2; FEI Co.) images. TEM 

samples were prepared by dropping nanoparticle dispersions onto a carbon 

film supported by the Cu or Mo grids. High-angle annular dark-field scanning 
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transmission electron microscopy (HAADF-STEM) and energy dispersive 

X-ray spectrometry (EDS) analysis of Pd@Pt core–shell nanoparticles were 

done (JEM-ARM200F; JEOL Ltd.). An EDS mapping image of Cu@Ag 

core–shell nanoparticles was obtained (JEM-2200FS; JEOL Ltd.). The UV-vis 

absorption spectra of nanoparticle dispersions were recorded using a 

spectrophotometer (U-3310; Hitachi Ltd.). 

 

Results and Discussion 

Palladium nanoparticles of 6.5 nm average size (standard deviation of 0.6) 

were obtained continuously in 6 s of residence time in the MW heated reactor 

zone at 200 °C (Fig. S1). In contrast, as TEM image and UV-vis spectra show, 

the formation of nanoparticles of homogeneous size was unfavorable at 160 °C 

(Fig. S1). The solution temperature rose instantaneously, reaching the setting 

temperature (200 °C) in a few seconds. This temperature was maintained with 

high precision (±1 °C).
41, 43

 Rapid heating to high temperatures produced the 

narrow size distribution of Pd nanoparticles because of homogeneous 

nucleation and subsequent crystal growth. The Pd particle size can be 

controlled by tuning the concentration of Na2[PdCl4] and PVP within the range 

of ca. 3–11 nm (Fig. S2). The Pd particle size increased as the initial 

concentration of Na2[PdCl4] solution increased, while PVP functions as the 

capping agent of Pd particle and suppresses the particle growth. 

For the Pt shell formation, the Pd nanoparticle (6.5 nm) dispersion was 

mixed with H2[PtCl6]·6H2O solution with the molar ratio of Pd : Pt = 3 : 1. 

Then pH was adjusted at 12. Fig. 2 shows the HAADF-STEM image and line 
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profile of Pd@Pt core–shell nanoparticles. The Z value of Pt (Z = 78) and Pd (Z 

= 46) is appreciably different. Therefore, the nanoparticle structure can be 

determined by the contrast of the image. The Z-contrast image in Fig. 2 shows 

brighter shells over a darker nanoparticle, indicating the formation of Pd@Pt 

core–shell structure. Nanoparticles of 6.5 ± 0.6 nm were observed in the TEM 

image shown in Fig. S3. This particle size was similar to that of the started Pd 

core nanoparticle. Elemental mapping images presented in Fig. 3 confirm the 

uniform encapsulation of Pd core by the Pt shell; Pt is abundant at the surface 

and surrounds the dense Pd core. Based on the atomic ratio (Pd : Pt = 87 : 13) 

determined using EDS analysis, the shell thickness was estimated as ca. 0.25 

nm. This value corresponds to one atomic layer thickness of Pt encapsulating 

the Pd core metal.
9, 20 

In an earlier report, Pd@Pt nanoparticles of ca. 7 nm with 

sub-1 nm Pt shell thickness were described as suitable for practical use as a 

PEM fuel cell catalyst.
20

 Further growth of Pt shell was not observed by 

increase of the Pt ratio against Pd. For example, when the molar ratio of Pt was 

increased from Pd : Pt= 3 : 1 to 2 : 1, the shell thickness did not change. Instead, 

the abundance of free Pt nanoparticles increased in the bulk solution. Fig. S4 

portrays the time dependence of atomic mapping images during the galvanic 

replacement reaction by leaving 6 h, 24 h, and 72 h at room temperature. 

Particle sizes and the atomic ratio (Pd : Pt = 87 : 13) did not change to any great 

degree after standing for 6 h, suggesting that the shell growth was completed 

within 6 h and that it was stable thereafter. Actually, the core–shell structure is 

very stable. The particle size remained unchanged for six months during 

storage in ethanol (Fig. S5). The sizes of Pd@Pt core–shell nanoparticles are 
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controllable because the Pd particle size can be controlled by tuning the 

concentrations of Pd precursor and the capping agent. 

The galvanic replacement reaction is driven by the difference of redox 

potentials between the core metal and the metal ion in the solution. In the 

present system, oxidation of the core Pd surface is accompanied by the 

reduction of the outer metal ion, i.e. [PtCl6]
2-

. The alkaline condition is 

necessary for the Pt shell formation. Fig. 4 shows that the formation of a 

distinct Pt shell was unlikely unless pH was controlled to alkaline.
18

 In contrast 

metal–metal displacement took place at pH 12, even at room temperature. In a 

separate experiment, we added H2[PtCl6] to Pd nanoparticles dispersed EG 

solution adjusted at different pH. The sharp absorption peak of [PtCl6]
2-

 at 270 

nm gradually disappeared in alkaline conditions (pH 12), although the change 

of the peak intensity was extremely slight at pH 7 (Fig. S6). This observation 

suggests that the base hydrolysis of [PtCl6]
2-

 took place in alkaline media 

yielding a Pt-hydroxide complex. An X-ray absorption study of the controlled 

synthesis of Ru@Pt confirmed that [PtCl6]
2-

 in EG solution changes to 

[Pt(OH)4]
2-

 at pH 12 by reduction of Pt(IV) to Pt(II) and ligand exchange from 

Cl
-
 to OH

-
.
44

 Then galvanic replacement with the Ru cluster occurred easily. 

Similarly, [Pt(OH)4]
2-

 formed at pH 12 can be responsible for the easy metal 

displacement with Pd core at high pH, as observed in this study. At extremely 

high pH (>13), however, nucleation and growth of free Pt nanoparticles in the 

bulk solution were enhanced in place of core–shell formation. As a result, a 

mixture of Pd@Pt and Pt nanoparticles was formed (Fig. S7). 

To verify the versatility of our MW-assisted flow reaction and in-situ 
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shell formation, we demonstrated the synthesis of Cu@Ag core–shell 

nanoparticles. The main difficulty of Cu nanoparticles arises from their easy 

oxidation during their synthesis, which takes an extremely long time. The 

MW-assisted polyol process enables rapid Cu core formation. Subsequent 

wrapping of Cu nanoparticles by the Ag shell might contribute greatly to the 

resistance of Cu core to get oxidized. Fig. 5 shows TEM images and EDS 

mapping images of Cu and Cu@Ag core–shell nanoparticles. The particle 

sizes determined from TEM images of Cu and Cu@Ag core–shell 

nanoparticles were, respectively, 89 ± 34 nm and 90 ± 35 nm. The distribution 

of Cu and Ag atoms along the cross section line (Fig. 5c) suggests the 

formation of a uniform Ag shell over the surface of the Cu nanoparticle. The 

Ag shell thickness was estimated as ca. 3.5 nm from the atomic ratio (Cu : Ag 

= 85 : 15) determined using EDS analysis. The pH of dispersed solution is an 

important factor for preferential Ag deposition on the Cu core. Figs. S8(a) and 

S8(b) show TEM images of nanoparticles after standing for 24 h at pH 10 and 

11, respectively. For pH 10, large nanoparticles (50–200 nm) and small 

nanoparticles (5–10 nm) were mixed, but only small nanoparticles were 

observed at pH 11. UV-vis spectra (Fig. S8(c)) of the dispersion prepared at 

pH 10 yielded two peaks associated with Cu (600 nm) and Ag (400 nm) 

plasmon absorption bands, but at pH 11, only the absorption of Ag 

nanoparticles was observed. The surface of dispersed metal particles is 

equilibrated with M-OH and M-O
-
 depending on the pH relative to the pKa 

value of the hydroxylated metal surface.
45

 At high pH, the surface will be more 

negative according to the increase of M-O
-
 promoted by proton dissociation. A 
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similarly negative charge of Cu surface will be dominant with increased pH, 

which enhances the access of Ag
+
 and facilitates the galvanic replacement. 

However, this shell formation reaction competes with the nucleation and 

growth of Ag nanoparticles in the bulk solution, particularly in a high pH 

environment because the reducing strength of polyols tends to increase as pH 

increases.
46

 A very high pH condition (pH>11) causes formation of bare Ag 

nanoparticles in the bulk solution by the polyol reduction,
47

 which reduces the 

Ag
+
 concentration in bulk solution. The opportunities for core–shell 

nanoparticle formation decrease. 

Fig. 6 presents the time course of UV-vis spectra of (a) Cu nanoparticle 

dispersion and (b) Cu@Ag nanoparticle dispersion upon standing at room 

temperature. The spectra of the as-prepared Cu samples (Fig. 6a) showed 

characteristic absorption peaks at around 600 nm associated with the plasmon 

resonance band of Cu nanoparticles. The peak intensity decreased with time 

and finally almost disappeared after 1 day, suggesting that rapid oxidation and 

dissolution of Cu took place.
24 

In fact,
 
only a few Cu nanoparticles with 15 nm 

maximum size were found using TEM measurements (Fig. S9a). A broad peak 

(ca. 400 nm) other than the 600 nm peak was observed in the Cu@Ag 

dispersion (Fig. 6b), assignable to the Ag plasmon resonance absorption. 

Contrary to bare Cu nanoparticles, the reduction of Cu peak intensity in 

Cu@Ag dispersion was slow because the Cu core surface is protected by an 

Ag shell layer. Although the size and shape were irregular, Cu@Ag 

nanoparticles remained undissolved after standing 7 days in ethanol (Fig. S9b), 

indicating the longer life of the core–shell structure. 
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Conclusions 

Continuous synthesis of metal@metal core–shell nanoparticles was 

demonstrated by integration of a series of reactions including MW-assisted 

polyol process for core metal nanoparticle formation followed by coating with 

different metal shells. Core metal particles (Pd, 6.5 nm; Cu, 90 nm) were 

synthesized rapidly and continuously using homogeneous MW heating and 

precise temperature control. The shell formation reaction by galvanic metal 

replacement was influenced by the pH of the solution used for the shell 

formation. Coating of a sub-1 nm Pt shell over Pd core was attained at pH 12, 

where [Pt(OH)4]
2-

 is apparently involved as a reaction intermediate. 

Approximately pH 9 was the most favored region for Ag shell formation on the 

Cu core. When pH exceeds 11, Cu core particles disappeared; only Ag 

nanoparticles were formed. Enhanced durability of oxidation-sensitive Cu 

nanoparticles was realized by protection with the Ag shell. This flow reactor 

system is a promising candidate for use in continuous production of 

metal@metal core–shell nanoparticles. 
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Fig. 1 Schematic showing continuous synthesis of metal@metal core–shell 

nanoparticles. The Pd nanoparticle dispersion was synthesized from 

Na2[PdCl4] by MW heating of the EG solution. It was then transferred directly 

to Pt shell formation by a galvanic displacement reaction. 
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Fig. 2 HAADF-STEM image of Pd@Pt core–shell nanoparticles and the 

distribution of contrast. 
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Fig. 3 Elemental mapping images of Pd@Pt core–shell nanoparticles, where 

Pd and Pt elements are displayed, respectively, as red and green colors. 
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Fig. 4(a) HAADF-STEM image and (b) elemental mapping image of 

nanoparticles synthesized without pH control. Pd and Pt are shown, 

respectively, as red and green. The EDS atomic ratio of Pd : Pt was 99 : 1. The 

Pt shell was formed only slightly on the Pd nanoparticle surface. 
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Fig. 5 TEM images and EDS elemental mapping of Cu and Cu@Ag core–shell 

nanoparticles: (a) TEM image of Cu nanoparticles. (b, c) TEM images of a 

Cu@Ag core–shell nanoparticle, (d, e) EDS mapping images of Cu and Ag for 

Cu@Ag core–shell nanoparticles, and (f) distribution of Cu and Ag atoms 

along the cross section line shown in the TEM image (c). 
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Fig. 6 Time course of UV-vis spectra: (a) Cu nanoparticle dispersion and (b) 

Cu@Ag core–shell nanoparticle dispersion. 
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