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Abstract 

Platinum (Pt) and Pt alloy nanoparticles (NPs) have been the subject of intense 

study, especially in catalysis. Chemical reduction methods often use reducing agents 

and stabilizing agents to produce metal NPs, and hence, the NPs can contain 

byproducts which can influence the catalytic properties. In addition, the synthesis of 

alloy NPs can result in core-shell structure or phase segregation due to different 

reduction potentials of different metal ions. To solve these issues, synthesis of metal 

and metal alloy NPs by vacuum sputtering onto a liquid matrix is proposed. The 

method is a green approach because it neither uses toxic reducing agents, nor 

produces any by-products. Further the top-down vacuum technique can generate 

metal atoms/clusters from the bulk metal targets, regardless the different reduction 

potentials of different metals, making the synthesis of solid solution alloy NPs 

become feasible. A low volatile liquid medium can be used in vacuum sputtering to 

control the growth, disperse, and stabilize NPs. However, the stability, growth, and 

formation mechanism of NPs are still the subject of discussion and dependent on 

multiple sputtering parameters. Thus, this study aims to synthesize Pt and Pt alloy 

NPs with desired size and understand the stability, growth and formation mechanism 

of the synthesized NPs. 

Synthesis of highly uniform Pt NPs with small size (below 2.0 nm) and narrow 

size distribution by sputtering of Pt onto polyethylene glycol (Mw = 600) is the topic 

of chapter 2. The results indicate that particle sizes were tailorable from 0.9 ± 0.3 nm 

to 1.4 ± 0.3 nm by varying the sputtering current (5-50 mA) with negligible particle 
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aggregation occurred in PEG during sputtering. It is found that a slight growth of 

particle size after sputtering can be attributed to the addition of free Pt atoms to the 

existing Pt NPs. All samples formed stable dispersions in PEG for 5 months storage. 

This result suggests an advantage of using a liquid matrix to produce and stabilize 

NPs.  

Chapter 3 in the thesis is devoted for the synthesis of well-dispersed and stable 

Pt/Cu alloy NPs and studying growth mechanism of the alloy NPs in sputtering of 

Pt/Cu alloy target onto PEG. The effects of sputtering current, rotation speed of the 

stirrer, sputtering time, sputtering period, and temperature of PEG on the particle size 

are studied systematically. The key results demonstrate that the aggregation and 

growth of Pt/Cu alloy NPs occurred at the surface as well as inside the liquid polymer 

after the particles landed on the liquid surface. According to particle size analysis, a 

low sputtering current, high rotation speed for the stirrer, short sputtering period, and 

short sputtering time are found to be favorable for producing small-sized single 

crystalline alloy NPs. On the other hand, varying the temperature of the liquid PEG 

does not have any significant impact on the particle size. Thus, these findings shed 

light on controlling NP growth using the newly developed green sputtering deposition 

technique. 

Chapter 4 targets to the synthesis and formation mechanism of Pt/Au alloy NPs 

in a wide composition range by simultaneous sputter deposition of two independent 

magnetron sources onto PEG (Mw = 600). The resulting NPs are alloy with the 

face-centered cubic (fcc) structure. It is observed that the particle sizes, composition, 
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and shape are strongly correlated. On the other hand, these characteristics can be 

tailored by varying sputtering parameters appropriately. Large agglomerates are 

formed at Pt content less than 16 at. %, showing partial alloy structure. Highly 

dispersed NPs with no agglomeration in PEG can be obtained when Pt is more than 

27 at. %. Moreover, a small amount of Pt could terminate the agglomeration of Au 

when sputtering on TEM grid. Experimental results for 30 min sputtering onto PEG 

for various sputtering currents, as well as computational simulations, indicate that 

using the formation energy and selective attachment during particle formation can be 

used for explaining the composition-dependent particle-size of Pt/Au NPs. 

Finally, research findings, contribution, and perspective are summarized in 

chapter 5 of the thesis. 
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1 General Introduction 

1.1 Properties and applications of platinum and 

platinum/copper, platinum/gold alloy nanoparticles 

Nanoparticles (NPs) are defined as particulate dispersions or solid particles with 

a size in the range of 10~1000 nm.1 Metal NPs have been applied in many different 

areas, for example, they have been widely used in catalysis,2 biological labeling,3 

optoelectronics,4 and information storage.5-6 Monometallic and bimetallic NPs have 

been studied intensively. Monometallic NPs composed of only single metal. 

Monometallic NPs are of different types depending upon the type of metal atom 

present such as magnetic and transition metal NPs, etc. There are two general 

methods to synthesize monometallic NPs, chemical and physical routes, and the most 

common is the colloidal synthesis due to its good control on the particle size in 

solution.7 Structure and size of particle can be stabilized by using stabilizing agents.7-8 

On the other hand, bimetallic NPs, consist of two different metals, have drawn a 

greater attention than the monometallic NPs from both scientific and technological 

point of view.9-10 Their size, shape, structure, and composition determine the 

properties of the bimetallic NPs. Therefore, many researchers have been focused on 

the synthesis of NPs to have a good control on the size, shape, structure, and 

composition of particles.10-13 The properties of bimetallic NPs may differ from those 

of monometallic NPs, such as composition and size dependent optical, catalytic 

effects et al.7, 14-15 
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Platinum (Pt) NPs have been intensively investigated because of their unique 

catalytic,16 and also drawn attention as sensor17 or have many biomedical 

applications.18 However, the widespread commercialization and deployment of Pt 

catalyst is still limited due to their high cost. For example, the cost of Pt in a hydrogen 

polymer electrolyte membrane fuel cell (PEMFC) for a 100 kW (134 hp) vehicle is 

much higher than that for an entire 100 kW gasoline engine. According to the cost 

reduction targets set by the U.S. Department of Energy (DOE), the total Pt catalyst 

loading (on both anode and cathode) in a membrane electrode assembly (MEA) must 

be reduced to below 0.125 mg·cm–2.19 On the other hand, pure Pt nanocatalyst are 

easy to deactivation or poisoning during catalytic activity. To enhance the 

effectiveness of Pt catalysts and anti-poisoning ability, Pt-based bimetallic 

nanoparticle catalysts have been synthesized. It also helps in decreasing the amount of 

need of noble metal, Pt.20-21 The Pt-X (X = Cu,22-25 Au,26-28 or Ag, etc.) alloys are very 

important due to their high catalytic performance compared with their corresponding 

monometallic NPs.29 In the recent years, polymer-protected colloidal Pt/Cu alloy 

particles have been prepared and these can be used for the catalytic hydrogenation of 

solution, where the bimetallic clusters are used as active and selective agents for the 

hydration of acrylonitrile to acrylamide as well as for hydrogenation of 

1,3-cyclooctadiene to cyclooctene.30 It has also been found that Pt/Cu bimetallic 

catalysts are effective in the reduction of NOx. Studies about Pt/Cu based bimetallic 

NPs have revealed their heterogeneous catalytic activities for reduction of gas phase 

NO with hydrogen as the reducing agent.31-32 On the other hand, Pt/Au bimetallic NPs 
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have also been studied widely. Hu et al. have concluded that bimetallic Pt/Au 

nanocatalyst shows better catalytic capability as compared with monometallic Au or 

Pt.33 

 

1.2 Generic synthesis of Pt and Pt/Cu, Pt/Au alloy 

nanoparticles 

The catalytic property can be sensitive to metal particle size and composition 

because the surface structure and electronic properties can change greatly in the 1-50 

nm size range. NPs with small size and relatively narrow particle size distribution 

show high catalytic activity due to large number of atoms on surface.34 Thus, a great 

effort has been made to synthesize particles with small size and narrow size 

distribution. Researchers have discovered many new methods to prepare NPs which 

are of the required size, composition, and shape because these factors greatly 

influence the properties of the material. Pt, Pt/Cu, and Pt/Au alloy NPs have been 

prepared using radio frequency sputtering, reverse micelles,35-36 electron beam 

lithography37 and chemical vapor deposition techniques. Among these methods, 

considerable research efforts have been devoted to prepare catalysts by chemical 

reduction routes. This method produces metallic NPs in the zero valent state. In this 

method, two processes namely, reduction and interaction between the metallic NPs 

and polymeric species operate. Different reducing agents such as sodium borohydride, 

elemental hydrogen, Tollen’s reagent and ascorbate, etc. are being used. For example, 
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Pt NPs synthesized by chemical methods with stabilizing agents such as poly(vinyl 

pyrrolidone) (PVP),38 3-(N,N-dimethyldodecylammonio) propanesulfonate (SB12),39 

etc. Pt/Cu alloy NPs are obtained by chemical reduction routes22-24 using strong 

reducing agents23 or at high temperatures.22, 24-25 Pt/Au alloy NPs synthesized by 

chemical methods reported by other groups.40-43 

However, NPs prepared by chemical reduction methods often use the toxic 

reducing agents and contain byproducts which usually results in the obtained NPs 

with limited purity and influence their future application such as the catalytic 

properties.44 In order to synthesize small particles, stabilizer is needed, which is also 

reduce the catalytic activity if it is not removed completely. However, removal of 

these stabilizers usually requires harsh treatment such as thermal treatment39, 44 or acid 

treatment.44 On the other hand, in the case of synthesis of alloy NPs, due to different 

reduction potential of different metal ions, core-shell structure or phase segregation is 

easily obtained instead of alloy NPs.45-46 

 

1.3 Fundamental of sputter deposition 

In 1852, sputtering was conducted in a DC (direct current) gas discharge tube by 

Grove.47 He found that the cathode surface of the discharge tube was sputtered by 

energetic ions formed in the gas phase and that the cathode material was deposited on 

the inner wall of the discharge tube. It is well accepted that in the sputter deposition 

process, when a metal target is attacked by gaseous ions, metal atoms or clusters 
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(aggregation of several atoms) are ejected; these metal atoms or clusters collide with 

each other multiple times to form NPs. This technique is commonly used for thin-film 

deposition, etching, and analytical techniques.48-52 Today, with the further 

development of sputter deposition technique, there are different ways to perform 

sputtering, for example, DC-diode, RF-diode (radio frequency), and magnetron 

sputtering. 

 

 

Figure 1.1 (a) Representative scheme of a typical DC-magnetron sputtering system. (b) 

Details of the magnetron. (c) Representative scheme of the physical ejection of atoms 

from the target to the substrate surface.  

Reproduced with permission from ref 53. Copyright 2013 Elsevier Ltd. 

 

Figure. 1a–c shows a representative sputter deposition system, which consists of 

target, magnetrons, substrate positions, substrate holder, vacuum chamber, vacuum 
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pumps, power supplies, plasma, and the physical ejection of atoms from the target to 

the substrate surface.53 Due to the applied electric field, the electrons follow helical 

paths around the magnetic field lines, undergoing ionizing collisions with gaseous 

neutrals near the target surface. However, as the sputtered atoms are neutrally charged, 

they are unaffected by the magnetic trap. Therefore, it is well accepted that there 

occur no considerable collisions between the sputtered species in the gas phase at low 

gas pressures.54-55 Controlling of all experimental parameters during the sputtering 

process, such as, sputtering time, sputtering current, target temperature, position of 

substrate, et al. is a fundamental way to achieving the desired properties in the final 

product.56-57  

In general, sputtering is performed onto solid substrates, where the atoms 

nucleate and a film begins to grow after a few seconds. Models of thin film nucleation 

processes and other details can be seen in the sputtering deposition handbook.58 

However, Instead of the traditional solid substrate,59-60 using a liquid substrate for 

vacuum sputtering can be considered as a suitable method for obtaining alloy NPs 

with controllable size, shape, and composition.60-62 Many kinds of liquids can be used 

as the substrate, such as ionic liquids,63-68 polymers,7, 69-75 silicone oil,76 and vegetable 

oil,54 Actually, this process can be conducted on any liquid that has a sufficiently low 

vapor pressure to be introduced inside a vacuum condition. 
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1.4 Sputter deposition onto liquid to prepare nanoparticles 

The first sputtering deposition onto a liquid substrate was performed in 1996: the 

RF magnetron sputtering of silver directly onto pure silicone oil.77 During the 

sputtering process, Ag clusters on the surface of the silicone oil grow gradually and 

begin to connect with each other. Finally, a continuous rough thin film with a distinct 

surface morphology form. Further investigations into film deposition onto silicone oil 

surface were carried out,78-82 in 1999 when an innovative study was proposed by 

Wagener who reported for the first time, Fe NPs with an average size of 10-15 nm and 

narrow particle size distribution were obtained by sputtering onto mineral oil and 

silicone oil.83 However, silicone oil cannot stabilize NPs efficiently, and the obtained 

NPs were not stable. Thus, it is very necessary to find a good liquid substrate for the 

sputter deposition of NPs without using stabilizers to control particle growth and 

stabilize NPs. Ever since Torimoto group synthesized stable colloidal metal NPs by 

sputtering Au target onto ionic liquid without using stabilization agents in 2006 

(Figure 1.2)84, sputter deposition on liquid was applied to several ionic liquids, and 

efforts have been devoted to understand the mechanism of nanoparticle formation 

through sputtering onto ionic liquids.55 Recently, not only monometallic NPs but also 

bimetallic NPs have been synthesized by sputter deposition. For example, Au/Ag 

(Figure 1.3),65 Au/Pt,66 and Au/Cu67 alloy NPs have been prepared by sputtering a 

mixed target material onto an ionic liquid by the Torimoto group. Au/Ag,70 Au/Cu 

(Figure 1.4),62, 71 and Au/Pd68 alloy NPs synthesized by co-sputtering onto liquids 

have been reported. Au/Pd alloy NPs have also been prepared by sputtering alloy 
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targets onto ionic liquids.85 

 

 

Figure 1.2 TEM images of Au NPs prepared by sputter deposition onto EMI-BF4 (a) 

and TMPA-TFSI (b). 

Reproduced with permission from ref 84. Copyright 2006 AIP Publishing. 

 

 

Figure 1.3 Schematic illustrations of Au-Ag foil binary targets having various fAu. (b) 

Photographs of BMI-PF6 obtained after the sputter deposition of Ag (fAu = 0, left), 

Au/Ag (fAu = 0.50, center) and Au (fAu = 1, right) NPs. 

Reproduced with permission from ref 65. Copyright 2008 RSC Publishing. 
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Figure 1.4 Left: schematic (not to scale) of the combinatorial co-deposition from two 

sputter targets into a cavity array substrate filled with IL. Right: Schematic of the 

proposed formation process of NP in IL. 

Reproduced with permission from ref 62. Copyright 2014 Wiley-VCH. 

 

1.5 Size control of nanoparticles by sputter deposition 

Properties and functions of NPs are strongly dependent on the size, composition, 

and shape, especially the synthesis of size-controlled NPs is very important. 

Controlling the particle size and size distribution is the primary aim in the synthesis of 

metal NPs by both chemical and physical routes. In the sputtering deposition method, 

this control could be realized by varying experimental parameters.53 To control the 

parameters related to the sputtering process, parameters such as kinds of liquid, 

distance between the target and the substrate (Figure 1.5),56 temperature of target 

(Figure 1.6),56 sputtering current (Table 1.1),71 temperature of liquid (Figure 1.7),69 

and sputtering time56 are adjusted to control the particle size and particle size 

distribution. These parameters in general result in controlling the number of target 
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metal atoms ejected from the target and varying the physical property of liquid 

substrate, resulting in NPs with different sizes, size distributions, shapes, and 

compositions. For example, in order to control the growth in the liquid solution, the 

surface tension and viscosity of the liquid medium are the most important parameters. 

It is reported that varying the temperature of the liquid substrate from 0 to 60 °C 

controlled the viscosity and results in Au NP size increasing from about 2 to 8 nm 

(Figure 1.7).69 Furthermore, it is also reported that stirring liquid during sputtering 

deposition decreased the size and size distribution of the NPs from 7.4 ± 2.1 nm to 3.7 

± 0.9 nm because stirring the liquid accelerates the diffusion of metal atoms and 

clusters not only on the liquid surface but also inside the liquid, thus, suppressing the 

accumulation of NPs on the liquid surface and inside the bulk liquid, finally forming 

small particles (Figure 1.8).86 Varying sputtering parameters to control the sizes of 

NPs have been widely attempted. Current progress in this field includes dissolving 

stabilizing agents in liquid to offer precisely control of NPs’ size and properties.72-73 

The use of thiol molecules as a stabilizer due to their strong affinity with noble metal 

atoms for controlling the particle diameters via sputtering deposition. 
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Figure 1.5 (a) The scattering profiles of the Au NPs in [C4mim]BF4 that were generated 

at working distances of 25 (red points), 50 (green points), and 75 mm (blue points). The 

black curves are theoretical fittings, which were obtained with the assumption that the 

NPs are spherical and the size distribution is expressed by C distribution. (b) The 

particle size distributions against the diameter for the scattering profiles of Fig. 2(a). 

The working distance dependences of dpeak (closed circles) and WFWHM (open circles) 

are shown in the inset. 

Reproduced with permission from ref 56. Copyright 2011 RSC Publishing. 

 

 

Figure 1.6 The size distributions of Au NPs synthesized at different target 

temperatures. 

Reproduced with permission from ref 56. Copyright 2011 RSC Publishing. 
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Table 1.1 Sputter Currents, Composition, and Size for Cu, Au, and Au/Cu Alloy NPs. 

Reproduced with permission from ref 71. Copyright 2017 ACS Publications. 

 

 

 

Figure 1.7 Particle-size distributions of Au NPs generated in PEG at different 

temperatures. 

Reproduced with permission from ref 69. Copyright 2011 American Chemical Society. 
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Figure 1.8 TEM images and size-distribution histograms of Au NPs prepared in PEG 

(a,c) without and (b,d) with stirring. 

Reproduced with permission from ref 86. Copyright 2016 Nature Publishing Group. 

 

1.6 Synthesis of Pt and Pt/Cu, Pt/Au alloy nanoparticles by 

sputter deposition 

Small Pt and Pt-based alloy NPs are highly interesting thanks to their high ratios 

of surface atoms and thus enhance the catalytic properties.87-88 A handful study has 

prepared Pt NPs with size below 2 nm via a chemical reduction in organic media89 

while most of the reported Pt NPs sizes were larger than 2 nm. Pt NPs have been 

prepared by sputtering without stabilizers.90-97 Ramalingam et al. studied the NP 
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growth during sputtering onto solid substrate by varying the target angle, power, and 

time (Figure 1.9).90 Andreazza et al studied the nucleation and coalescence island 

mechanisms of Pt by sputtering onto solid substrate (Figure 1.10).91 Yoshii et al. 

reported that using Pt-sputtered room temperature ionic liquids (RTILs), and 

succeeded in the establishment of a facile Pt nanoparticle-single-walled carbon 

nanotube (SWCNT) composite fabrication method. They found that RTIL can work as 

nanoglue for sticking Pt NPs against SWCNTs (Figure 1.11).92 Staszek et al. have 

synthesized Pt NPs with average size of 1.7 nm by sputtering onto IL.93  

Carbon-supported 2 nm and highly dispersed platinum NPs were synthesized by 

sputtering onto water.94 Although many kinds of liquid were used as capture medium 

to synthesize Pt NPs, size control of sub-2 nm Pt NPs sputtered onto PEG and the 

stability of Pt in PEG have not been addressed yet. 
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Figure 1.9 HRTEM images of Pt NPs sputtered for various durations: (a) 10 s, (b) 20 s, 

(c) 30 s, (d) 45 s, (e) 60 s and (f) 120 s with a deposition power of 30 W and TA = 23.8. 

Reproduced with permission from ref 90. Copyright 2013 IOP Publishing. 
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Figure 1.10 TEM micrographs of 1 mt Pt deposits at two different metal concentrations: 

(a) 1.5×1015; and (b) 5.3×1015 atoms/cm2. 

Reproduced with permission from ref 91. Copyright 2002 Elsevier Ltd. 

 

Figure 1.11 Schematic illustration of Pt–SWCNT composite material fabricated in this 

study. 

Reproduced with permission from ref 92. Copyright 2012 RSC Publishing. 
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In the synthesis of Pt/Cu alloy NPs by sputter deposition, an interesting approach 

for the synthesis of Pt/Cu bimetallic NPs by sputtering onto TiO2 nanotube arrays was 

described by Farsinezhad et al. The results showed that Pt/Cu have emerged as high 

performance photocatalysts for both photooxidation and photoreduction98 However, 

as far as we know, the synthesis of Pt/Cu alloy NPs by sputtering onto a liquid has not 

been reported yet. As for synthesizing Pt/Au alloy NPs by sputter deposition, it is 

reported that Pt/Au alloy NPs have been synthesized by single target sputtering onto 

ionic liquid using mixed foil targets (Figure 1.12).66 However, this method requires 

various targets with different composition for varying composition of the resulting 

alloy NPs. Thus, a sputtering system comprised of multiple targets for alloy formation 

would be ideal. 
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Figure 1.12 TEM images and size distributions of NPs obtained by sputter deposition 

on TMPA-TFSA: (a) Au NPs (fAu = 1.0), (b) AuPt NPs (fAu =0.33), and (c) Pt NPs (fAu = 

0). 

Reproduced with permission from ref 66. Copyright 2012 RSC Publishing. 

 

1.7 Growth and formation mechanism 

As mentioned previously, it is accepted that there occur no considerable 
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collisions between the sputtered species in the gas phase at low gas pressures.54-55 

Thus, particle growth mainly occurs in the liquid phase. For sputtering onto solid 

substrate, there are many researchers have studied the growth mechanism, for 

example, Ramalingam et al. investigated the NP growth during sputtering onto solid 

substrate by varying the target angle, power, and time (Figure 1.9). It was shown that, 

with time, nucleation dependent growth dominates first, and then which is replaced by 

diffusion and coalescence based growth, finally agglomeration occurrs.90 Andreazza et 

al also studied the nucleation and coalescence island mechanisms of Pt by sputtering 

onto solid substrate.91 The results showed that the nucleation and islands growth of Pt 

have been followed from an early stage through to complete substrate coverage.  

For sputtering onto liquid, there are two kinds of growth mechanisms: growth 

during sputtering and after sputtering. As for the growth during sputtering, there are 

three possible growth mechanisms99 (Figure 1.13) after particles land on a liquid 

surface during vacuum sputtering onto a liquid-particle collision, aggregation, and 

growth on the liquid surface; these NPs then fall into the bulk liquid and are stabilized. 

Alternatively, particles can fall into the bulk of the liquid without collision and grow 

on the liquid surface; however, collision and growth occur inside the bulk liquid. In 

another mechanism, particles grow both on the liquid surface and inside the bulk 

liquid.  
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Figure 1.13 Possible mechanisms for the nucleation and growth of sputtered gold NPs 

into ILs. 

Reproduced with permission from ref 99. Copyright 2010 American Chemical Society. 

 

Parameters pertaining to the liquid, such as the surface tension, viscosity, 

temperature, and functional groups, interaction between liquid and metal NPs (Figure 

1.14),63 determine the major growth mechanism. For example, Carette et al. reported 

that compared with sputtering onto pentaerythritol ethoxylate (PEEL), an organic oil, 

spherical and crystallized Ag NPs were obtained by sputtering onto ionic liquid (IL), 

which may be explained by the stronger interaction between the IL molecules and the 

Ag atoms compared with that of PEEL molecule and Ag atoms. This situation enables 

the growth of Ag NP inside the homogeneous IL solution.63 Nishikawa’s group 

published a recent study in which the influence of conditions such as sputtering 
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discharge current, discharge voltage, target-substrate distance, sputtering time and 

target temperature on particle size were investigated. They concluded that the 

temperature of the target and the applied voltages have a strong effect on the size of 

the Au NPs generated by sputtering onto IL liquid (BMI·BF4), while the argon 

pressure, target-substrate distance, discharge current, and sputtering time have little or 

no influence on particle size.56 They stated that low liquid, low target temperatures, 

and high applied voltages are desired to generate smaller particles. Wender et al. 

pointed out that both nucleation and growth of Au NPs occurred on the surfaces of 

several ionic liquids.54 It was reported that the growth of Au NPs occurred on the 

liquid surface of castor oil at a low sputtering power and inside the liquid at a high 

sputtering power. Vanecht et al. reported evidence that Au NPs grow inside the ionic 

liquids and the growth was regulated by the viscosity of liquid as the particle sizes 

have a linear relationship with the viscosity.55 Carette et al. pointed out that Ag NPs 

grow inside ionic liquids after observing that chemical interactions between 

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide ([BMIM][TFSI]) 

molecules and Ag atoms are highly favored.63 However, other studies reported that Au 

NPs grow on the surface as well as in the bulk of an ionic liquid; this result was 

postulated based on the observation that small Au NPs were obtained with ionic 

liquids of low surface tension and viscosity.64 Wender and coworkers showed that the 

formation of NPs or thin-films depended on the discharge voltages and the surface 

coordination ability of the different liquid used. Low applied voltages and/or low 

coordinating oils led to the formation of a thin films. Meanwhile, the opposite led to 
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the formation of NPs. Figure 1.15 shows the scheme proposed.100 Hatakeyama et al. 

showed that increasing the temperature of polyethylene glycol (PEG) used as the 

liquid substrate for the sputtering of an Au target led to the formation of large Au NPs; 

they demonstrated that the growth of Au NPs in PEG was controlled by the diffusive 

velocity of the sputtered particles.69  

As for the growth after sputtering, Binnemans and coworkers are the only 

researchers who studied the growth of the Au NPs after sputter deposition, i.e., as a 

second step (Figure 1.16).55, 101 They pointed out that Au NPs grow by consuming 

primary clusters and then aggregated with each other, finally precipitation occurred. 

However, they conducted the sputter deposition over very short time periods (∼60 s) 

onto large volumes of IL (∼4 mL). In this case, the Au concentration is considerably 

different from the other cases presented.64, 84, 99 And the growth of different metal NPs 

may be different due to the different chemical interactions between metal atom and 

liquid molecule, the growth process of Pt NPs in liquid polymer has not been 

addressed yet. 

As far as we know, there is no study on the formation mechanism of alloy NPs in 

co-sputtering system has been reported.  

The exact growth mechanism of NPs and formation mechanism of alloy NPs in 

co-sputtering system are still a subject of discussion, especially the growth and alloy 

formation mechanism of NPs in liquid polymers. 
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Figure 1.14 Schematic mechanism for sputtering of titanium onto PEEL (left-hand side) 

and silver into BMIMTFSI (right-hand side). 

Reproduced with permission from ref 63. Copyright 2018 American Chemical Society. 

 

 

Figure 1.15 Schematic illustration for the formation of AgNPs or AgTFs by sputtering 

deposition of Ag onto liquids. 

Reproduced with permission from ref 100. Copyright 2011 American Chemical 

Society. 
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Figure 1.16 Scheme of the growth mechanism of gold nanoparticles after sputter 

deposition onto an ionic liquid. 

Reproduced with permission from ref 55. Copyright 2011 RSC Publishing. 

 

1.8 Summary and perspective 

Sputtering metals onto liquids to prepare monometallic, bimetallic or even 

trimetallic NPs represents a new, simple, clean, and versatile way to synthesize stable 

colloidal NPs in many kinds of liquid medium, such as, ILs, liquid polymer, vegetable 

oils et al. This physical process (sputtering) excludes other chemicals, e.g. metal 

precursors, surfactants, reducing agents et al, during synthesis, which can influence 

the properties of NPs in the final products. Thus, sputtering onto liquid substrates is a 

very efficient method to prepare NPs with many functions. Instead of a simple sputter 

deposition, this technique can be performed combined with the co-sputtering various 

targets onto liquid, resulting in a specific composition and shape of NPs. Varying 

physical parameters during sputtering could allow for greater control of NP size, size 

distribution, shape, composition, and concentration, led to the formation of desired 

particle. However, the growth and formation mechanism are not yet fully understood 

with regard to sputtering. Future investigations must be carried out in order to 
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discover the mechanisms of NP growth and alloy formation. Especially the 

correlations of size, shape, composition, and atom concentration are rather ambiguous 

without systematic experimental estimation or simulation basics. Therefore, future 

investigation is necessary in order to fully understand the entire process.  

To conclude, the possibility of synthesizing monometallic and bimetallic NPs is 

one of the advantages of this technique. Furthermore, sputtering is a controllable and 

stable process that can be used to prepare small-sized (1-10 nm) colloidal NPs. If the 

exact growth and formation mechanism are understood, the sputtering method will 

become one of the most promising in the field of nanomaterial colloidal synthesis for 

a variety of applications. 
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2. Pt nanoparticles prepared by single target 

sputtering 

2.1 Introduction 

Noble metal nanoparticles (NPs) can be synthesized using various synthesis 

methods such as chemical reduction,1-3 photochemical reduction,4-5 laser ablation,6-7 

sputtering,8-10 plasma-in-liquid process11 and so on. Among them, vacuum sputtering 

technique can produce atoms and clusters without using toxic reducing agents.10 

Ionized Ar gas attack metal target to eject metal atoms or small clusters. Atoms and 

clusters aggregate and finally form NPs. With use of a low vapor pressure liquid as a 

matrix in sputtering, it becomes a green technique to prepare nanoparticles dispersed 

in liquid. Recently, polyethylene glycol (PEG, MW = 600) has attracted great attention 

as the liquid matrix for producing dispersions of metal and metal alloy nanoparticles, 

e.g. Au, Ag, Cu, Au/Ag, and Au/Cu alloy.12-17 This is because PEG is non-toxic, 

economic and its vapor pressure is low enough18 to make the vacuum sputtering 

deposition possible. In addition, PEG (MW = 600) can stabilize nanoparticles via its 

high viscosity. PEG with molecular weight lower than 1000 is liquid at room 

temperature, while PEG with higher molecular weight is a solid with a low-melting 

temperature. Liquid PEG with higher molecular weight has higher viscosity. Our 

previous study indicated that the viscosity can influence the size of the produced Ag 

NPs in which too viscous liquid resulted in thin Ag film.19 Among liquid PEGs of 

different MW, we chose PEG with MW = 600 for its molecular weight, and thus its 
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viscosity, in the middle range. Current progress in this field includes dissolving 

stabilizing agents in PEG to offer precisely control of NPs’ size and properties.13-14 In 

our previous studies to produce noble metal NPs such as Au, Ag, and Au/Ag alloys 

via sputtering onto neat PEG, we noticed that without addition of mercapto capping 

ligand, a large number of nanoparticles bigger than 2 nm were obtained.15  

Platinum (Pt) NPs have been intensively investigated because of their unique 

catalytic,20 and also drawn attention as sensor21 or applied in biomedical field.22  

Considerable research efforts have been devoted to prepare Pt NPs by chemical 

methods23-24 with stabilizers such as poly(vinyl pyrrolidone) (PVP),25 

3-(N,N-dimethyldodecylammonio) propanesulfonate (SB12),26 etc. However, removal 

of these stabilizers requires harsh treatment such as thermal treatment26-27 or acid 

treatment.27 On the other hand, Pt NPs have also been prepared by sputtering without 

stabilizers.28-35 The effect of target angle, applied power, and sputtering time28 and 

argon pressure29 on the size and shape of Pt NPs sputtered on a solid substrate has 

been studied. Pt NPs obtained by sputtering onto liquid substrate have also been 

reported.30-32 The effect of temperature, sputtering time33 and kinds of working gas34 

on the particle size has been studied. An interesting approach in the use of liquid PEG 

containing carbon powder as matrix to prepare Pt NPs with an average size of 2 nm 

was described by Cha et al.35 Small Pt NPs are highly interesting thanks to their high 

ratios of surface atoms and thus enhance the catalytic properties.36-37 A handful study 

has prepared Pt NPs with size below 2 nm via a chemical reduction in organic media38 

while most of the reported Pt NPs sizes were larger than 2 nm. Although sub-2 nm Pt 
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NPs have been observed via sputtering on TEM gird,28 size control of sub-2 nm Pt 

NPs sputtered onto PEG and the stability of Pt in PEG have not been addressed yet. 

In the present study, we proposed using single target sputter deposition of Pt 

target onto PEG as the liquid matrix to prepare highly uniform Pt NPs, because the 

viscosity of PEG can inhibit NP growth. Pt NP sizes can be tailored by varying 

sputtering current in a narrow range. Particle growth and their stability in PEG have 

been studied via examining the particle size and structures after various storage time 

of the sputtered Pt NPs in PEG. We demonstrate that sub-2 nm Pt NPs have been 

prepared without using additional stabilizers. 

 

2.2 Experimental section 

2.2.1 Preparation of Pt nanoparticles 

Before using for sputtering, polyethylene glycol (PEG, Average molecular 

weight 600, purchased from Junsei) was heated under vacuum condition at 80 ºC for 2 

h to remove water and dissolved gases. And then PEG (10 mL) was added in a pertri 

dish with a diameter of 63 mmϕ. The petri dish was placed in the sputtering chamber 

whereas the surface of the liquid was positioned 50 mm away from the metal target. 

After multiple times of Ar (99.99% purity) purging and evacuation, the pressure of the 

chamber was set at 2 Pa with Ar as carrying gas. A mechanical stirrer was used to stir 

the liquid at the stirring speed of 80 rpm. Sputtering was performed for 10 min to 

clean the target surface prior to collect Pt NPs in PEG. Sputtering was performed with 
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current varied from 5 to 50 mA on a collodion coated copper TEM grid and onto PEG. 

Sputtering onto PEG was performed for 30 min and PEG temperature of 30 °C 

whereas sputtering onto grid performed for 1 and 5 s. All sputter currents used were 

stable during sputtering. Since various factors, e.g. temperature of liquid, gas pressure, 

sputtering time, sputtering current, and liquid-target distance, have effect on the size 

of Pt NPs prepared by sputtering, Taguchi experimental design can be used to 

optimize the experimental conditions.39 Take into consideration that high sputtering 

temperature will decrease the viscosity of PEG thereby less stable NPs, long 

sputtering time will make severe particle aggregation (Figure S1) whereas too short 

sputtering time cannot produce enough amount of particles, we fixed the sputtering 

temperature and sputtering time constant at 30 °C and 30 min, respectively whereas 2 

Pa is used as the optimal pressure for our device. The sputtered Pt NPs dispersed in 

PEG were stored at room temperature in dark for various periods of times (as 

synthesized to 5 months) to study the stability and particle growth after sputtering. 

 

2.2.2 Characterization 

Size, size distribution and shape of the obtained Pt NPs were analyzed by a JEOL 

JEM-2010 and a JEOL-2000FX transmission electron microscopy (TEM) operating at 

200 kV. TEM samples were prepared by dipping the collodion-coated Cu grid in PEG 

contain Pt NPs, followed by taking out the grid then gently dipping it in ethanol for 7 

min to dissolve PEG. Finally, the grids were dried in the air for a few minutes at room 

temperature. The histograms of nanoparticle size distribution were obtained by 
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measuring approximately 300 particles from at least 3 different regions of grid using 

ImageJ software. High resolution images of Pt NPs were collected on a scanning 

transmission electron microscope (STEM, JEOL JEM-ARM200F, 200 kV). Optical 

absorption spectra in UV-Vis region were obtained using a JASCO V-630 

spectrophotometer using a quartz cuvette with 1 mm optical path. Samples sputtered 

at 5-20 mA were used to measured UV-Vis spectra without any dilution whereas 

samples sputtered at 30-50 mA were diluted 3 times using PEG before measuring 

UV-Vis spectra. Chemical state of Pt NPs was investigated by JEOL JPS-9200 X-ray 

photoelectron spectroscopy (XPS) device equipped with a monochromatic Mg Kα 

source operating at 100 W under ultrahigh vacuum (~ 5.0 × 10–7 Pa) conditions. 

Binding energies were referenced to the Si 2p binding energy of the Si wafer substrate. 

The crystalline structure of NPs was determined using X-ray diffraction (XRD, 

Rigaku Mini Flex II, Cu Ka). C powder and methanol were added to PEG dispersion 

of Pt NPs. Pt on C powder was collected by centrifugation and washed several times 

with methanol, then dried for XPS and XRD measurement. 

 

2.3 Results and discussion 

2.3.1 UV-vis spectra of Pt NPs dispersion of PEG 
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Figure 2.1 UV-Vis spectra of NPs obtained by sputter deposition onto PEG (left) and 

photograph of Pt NPs dispersion of PEG under room light (right) with different 

sputtering current. 

 

UV-Vis spectra and photograph of Pt NPs dispersion of PEG are shown in Figure. 

2.1. An absorption band between 200 and 300 nm has been reported for Pt NPs.40 

Here, UV-spectra of the sputtered Pt NPs in PEG showed an absorption around 300 

nm under various sputtering current, indicating the presence of Pt NPs in PEG. 

Different sputtering current only changed spectrum intensity, not the absorption 

position, which may relate to the concentration of Pt NPs in PEG. In other words, the 

higher the sputter current, the more Pt NPs were produced in PEG. This is because an 

increase in sputtering current results in a higher sputtering rate.10 As can be seen from 

the right picture of Figure 2.1, the color of the PEG containing Pt NPs changes from 

nearly colorless to yellow and to dark brown as the sputtering current increased from 

5 to 50 mA, which indicates that the NPs concentration increased. We estimated the 

number of Pt NPs, NPt NPs, quantitatively based on measuring the weight of the 

sputtered Pt, mPt (g), average particle radius, r (m), (TEM images, shown later in 
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Figure 2.2), and assume the density of the Pt NPs, ρ (g/m3), as the same as that of the 

bulk Pt, 21.45×106 g/m3; thus NPt NPs = ¾ mPt/(πρr3) particles. Hence the concentration 

of Pt NPs in PEG (10 mL), CPt NPs, is CPt NPs = NPt NPs/10-2 (particles/L). A circular 

aluminum foil with the diameter as same as the pertri dish (placed on the petri dish) 

was used to collect the sputtered Pt for certain time to measure the weight of Pt with 

high accuracy. For 30 min sputtering, 1.3 mg and 9.7 mg of Pt were obtained using 

sputter currents of 10 mA and 50 mA, respectively. As a result, we found that the 

concentrations of Pt NPs in PEG after 30 min sputtering were 8.7×1018 particles/L and 

31.5×1018 particles/L under sputter current 10 mA and 50 mA, respectively. 

 

2.3.2 TEM observations of Pt NPs  
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Figure 2.2 TEM images and size distributions of NPs obtained by sputtering onto PEG 

under sputtering current of (a) 5 mA, (b) 10 mA, (c) 20 mA, (d) 50 mA.  
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As can be observed in Figure 2.2, Pt particles are isolated and randomly 

distributed without severe agglomeration. An increase in sputtering current resulted in 

an increase in particles’ size from 0.9 ± 0.3 nm (5 mA) to 1.3 ± 0.3 nm (20 mA). 

Further increase in sputter current from 20 mA to 50 mA does not change the particles’ 

size significant, i.e. nearly constant size of 1.3 ± 0.3 nm (20-50 mA) were obtained. 

For all sputtered currents used, Pt NPs with narrow size distribution were observed.  
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Figure 2.3 TEM images and size distributions of NPs obtained by sputtering on TEM 

grid for 1 s under sputtering current of (a) 10 mA, (b) 20 mA, (c) 50 mA. Sample 

sputtered under 5 mA was hard to observe in normal TEM. 

 

It was known that in the sputtering chamber, the sputtered atoms can collide with 

each other, leads to cluster formation,28 and then clusters aggregate on or in liquid to 

from NPs.41 Increasing sputtering current leads to sputtering rate increased. Thus, it 
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can cause increase in the collision probability between atoms and can result in 

forming larger clusters and larger NPs. To investigate whether any aggregation and 

growth of NP occurred in PEG, we compared the particle size of as-sputtered Pt NPs 

in PEG and that of Pt NPs sputtered on TEM grids for 1 and 5 s. The TEM images and 

size distributions of Pt NPs sputtered on TEM grid for 1 s were shown in Figure 2.3. 

The TEM images and size distributions of Pt NPs sputtered on TEM grid for 5 s were 

given in Supporting information, Figure S2. The summary of the particle sizes was 

shown in Figure 2.4.  

After 1 s sputtering on grid, particle size was constant at 0.9 ± 0.3 nm for sputter 

current from 10 to 20 mA, but the particles density increases from 42 × 103 

particles/μm2 to 47 × 103 particles/μm2. This indicates that the higher the sputter 

current, the more the particles were sputtered and thus higher sputtering rates was 

obtained.10 Then linear increase in particle size from 0.9 ± 0.3 nm to 1.6 ± 0.4 nm was 

observed as sputter current increased from 20 to 50 mA. On the other hand, after 5 s 

sputtering on grid, particle size was found linearly increase from 0.9 ± 0.2 nm to 2.7 ± 

0.6 nm as sputter current increased from 5 to 50 mA. Longer sputtering time on grid, 

i.e. for 30 s, at low sputtering current of 20 mA resulted to severe particle 

agglomeration or growth in form of nanoislands (Figure S3). The increase of particle 

size sputtered on TEM grids by prolong sputtering time indicated that particles growth 

on solid surface occurred because particles on grid cannot move. These results match 

well with the works done by B. Ramalingam and co-authors.28    

It was found that at sputter currents of 50 mA, Pt NPs in PEG (1.4 ± 0.3 nm, 
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Figure 2.2d) was slightly smaller than Pt NPs sputtered on TEM grid for 1 s (1.6 ± 0.4 

nm, Figure 2.3c) and much smaller than Pt NPs sputtered on TEM grid for 5 s (2.7 ± 

0.6 nm). Similar phenomenon was observed under sputter current of 40 mA. When 

sputter currents were of 10 - 30 mA, the sizes of Pt NPs in PEG were slightly bigger 

than that of Pt NPs sputtered on grid for 1 s and smaller than NPs after 5 s sputtered 

on TEM grid. This suggested that some aggregation or particle growth can happen in 

PEG during sputtering (30 min). However, based on the fact that the similar sizes of 

Pt NPs obtained in PEG and sputtered on TEM grid for 1 s (within 0.5 nm difference) 

were observed, it can be deduced that PEG can prevent the growth of NPs to some 

extent that significant particle growth was not occurred as observed for Pt NPs 

sputtered on grid for 5 s.  

 

 

Figure 2.4 Relation between particle size and sputtering current sputtered onto PEG 

(black), on grid for 1 s (red) and on grid for 5 s (blue). 
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2.3.3 Structure and colloidal stability of Pt NPs dispersed in PEG 

 

Figure 2.5 (a) Particle size of Pt NPs in PEG under various sputtering currents after 0, 

10, 20, 30 days and 5 months measured by normal TEM and (b) particles size growth of 

Pt NPs in PEG prepared at sputter current of 20 mA. 

 

It can be seen from Figure 2.5a that the sizes of Pt NPs (from 1.1 ± 0.3 nm to 1.4 

± 0.3 nm) prepared using different sputter currents (10 - 50 mA) are increased slightly 

to 1.6 ± 0.4 nm (sputter current 10 mA) and 1.7 ± 0.4 nm (sputter current 20 - 50 mA) 

for 10 days storage. Then the sizes did not change significantly even after keeping in 

the dark at room temperature for 5 months. This indicates that Pt NPs of 1.7 ± 0.4 nm 

were stable in PEG. Details in changes of particle size for the first 30 days of sample 

prepared using sputter current 20 mA was shown in Figure 2.5b. In contrast with 

slightly change in size of Pt NPs, PEG dispersion of Au NPs showed color change 

from dark red to red-purple after a week, indicating large size Au NPs formed.12 

Along with the increase in particles size, it was observed that the absorption intensity 

in UV-Vis spectra (Figures 2.6a and b) decreased in the short wavelength, i.e. 

240-360 nm, with longer storage time and finally the absorption shoulder disappear, 
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indicating the growth of the Pt NPs. The XPS spectra of as-prepared sample (20 mA, 

30 min, sputtered onto PEG) and 7 months stored one were quite similar (Figure S4). 

After 7 months storage, the surface atomic percentage of Pt(0) slightly decreased. In 

addition, we noticed that the lattice fringe of metallic Pt of the stored sample still 

appeared for entire a particle after 1 month storage (show later). Hence, the partial 

oxidation of Pt may not occur significantly in 1 month storage in which the UV-Vis 

shoulder in 240-360 nm disappeared. Thus, we think that the chemical changes of Pt 

could occur to some extent and could somewhat contribute but not the main 

contribution to the change in surface plasmon band of Pt as observed in UV-Vis 

spectra. Slightly increased in absorption intensity of UV-Vis spectra for the longer 

wavelength (740-790 nm) in the first 7 days of storage was observed and then it 

fluctuated within the experimental errors (Figure 2.6c). This indicates that minor 

aggregation can occur in PEG. These results were in good consistent with the TEM 

observation. 
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Figure 2.6 (a) UV-vis spectra of Pt NPs in PEG sputtered at 20 mA for as-synthesized 

and storage samples after keeping for 0-30 days and magnified pictures of UV-Vis 

spectra shown in (a) for (b) low wavelength and (c) higher wavelength region.    
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Figure 2.7 STEM-HAADF images of as-sputtered Pt NPs in PEG (a) and Pt NPs in 

PEG after 30 days (b), 43 days (c), and 50 days (d) stored under room temperature in 

dark under the sputtering current of 20 mA. TEM images of Pt NPs sputtered on grid 

for 1s, 5s and 30s under the sputtering current of 20 mA were given in Figure 2.3b, 

Figure S2, and S3 respectively. 

 

Figures 2.7a and b are the STEM HAADF images of as-synthesized Pt sputtered 

at 20 mA and that after keeping for 30 days. After 30 days, the particle size slightly 

increased, around 0.4 nm. The inset in Figure 2.7a is a HRTEM image, which shows 

the lattice fringe of Pt NPs. The lattice fringe spacing of 2.27 Å was observed, 

corresponding to (111) plane of Pt.42 It can be seen that the lattice fringes of Pt NP 

appeared across the whole particle, indicating that Pt NPs were entirely single 
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crystalline. And most of the produced Pt NPs are in single cluster form, not the 

aggregation of several clusters. XRD patterns confirmed the crystalline structure of 

the as-synthesized Pt where the line broadening is due to the small particle size 

(Figure S5). After keeping for 30 days, NP composed of some aggregated clusters 

were observed as shown in the inset (Figure 2.7b). Further, we noticed in HAADF 

images (Figure 2.7) that the number of free Pt atoms in PEG decreases with 

increasing of storage time. As previously shown in Figure 2.5, after 10 days of storage, 

the particle size of Pt sputtered at various currents was stable at 1.6 ± 0.3 nm (sputter 

current 10 mA) and 1.7 ± 0.4 nm (sputter current 20-50 mA) and exhibited almost no 

change as measured by normal TEM (Figure S6). It is noted that the normal TEM 

could not capture the present of Pt atoms as shown in HAADF dark field images 

(Figure 2.7). Therefore, the above results suggested that with time the free Pt atoms in 

PEG collided with Pt NPs or with themselves, thus contributed to the growth of the Pt 

NPs. Thus, running out free Pt atoms after sometime will lead to the stable size of Pt 

NPs (1.7 ± 0.4 nm) in PEG. Besides, we did not rule out the collision of Pt NPs with 

each other. This could occur and result to the polycrystal Pt NPs (aggregation of Pt 

NPs) as shown in the inset of Figures 2.7b, c, and d.  

 

2.4 Conclusions 

The results indicated that we can prepare highly uniform Pt NPs with size below 

2.0 nm and narrow size distributions. Particle sizes were tailorable by varying the 
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sputtering current (5-50 mA) whereas negligible particle aggregation occurred in PEG 

during sputtering. Our finding showed that after 10 days, Pt NPs were slightly 

increased, of ca. 0.3~0.5 nm, in sizes due to the addition of free Pt atoms to the 

existing Pt NPs in PEG. Pt NPs were stable in PEG after 5 months with negligible 

particle aggregation, indicating the polymer matrix effectively stabilize NPs. 
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3. Pt/Cu alloy nanoparticles prepared by 

single target sputtering 

3.1 Introduction 

Pt nanoparticles (NPs) with a high surface-to-volume ratio are one of the most 

important classes of industrial catalysts.1-3 However, Pt is highly expensive and its 

resources are limited. Meanwhile, in comparison to monometallic Pt NPs, Pt-based 

(Pt/Pd,4 Pt/Au,5-7 Pt/Ag,8,9 Pt/Cu,10-13 etc.) alloy NPs are recently attracting much 

attention as they include smaller contents of Pt and exhibit higher catalytic activities. 

Among these Pt-based alloy NPs, Pt/Cu alloy NPs are important as Cu is present in 

abundant quantities in the earth’s crust and the addition of Cu can improve the 

catalytic properties of alloy NPs.10-13 It has been found that a sample containing 25 at% 

Pt and 75 at% Cu exhibited superior catalytic activity and the highest anti-poisoning 

ability among the tested Pt/Cu bimetallic catalysts with Cu content in the range of 50% 

to 75%.12 

The success of bimetallic NPs depends not only on the size and shape-controlled 

distribution but also on the method of preparation.4,14,15-17 Usually, Pt/Cu alloy NPs 

are obtained by chemical reduction routes10-12 using strong reducing agents11 or at 

high temperatures.10,12,13 The particle sizes are often larger than 3 nm. Hence, 

developing innovative methods capable of yielding sufficiently pure and small NPs is 

desirable. Recently, bimetallic NPs synthesized by sputtering onto a liquid matrix 

have been reported.14 NP synthesis by vacuum sputtering onto a liquid matrix is a 
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green method because it neither uses toxic reducing agents nor produces any 

by-products.18,19 The method is very versatile in terms of controlling the size of the 

obtained NPs. In addition, choosing a liquid matrix with a good stabilizing ability can 

inhibit NP aggregation and help in controlling their growth. When a metal target is 

attacked by gaseous ions, metal atoms or clusters (aggregation of several atoms) are 

ejected; these collide with each other multiple times to form NPs. It is accepted that 

there occur no considerable collisions between the sputtered species in the gas phase 

at low gas pressures.20,21 Thus, particle growth mainly occurs in the liquid phase. 

There are three possible growth mechanisms after particles land on a liquid surface 

during vacuum sputtering onto a liquid-particle collision, aggregation, and growth on 

the liquid surface; these NPs then fall into the bulk liquid and are stabilized. 

Alternatively, particles can fall into the bulk of the liquid without collision and grow 

on the liquid surface; however, collision and growth occur inside the bulk liquid. In 

another mechanism, particles grow both on the liquid surface and inside the bulk 

liquid. Parameters pertaining to the liquid, such as the surface tension, viscosity, 

temperature, and functional groups, determine the major growth mechanism. Wender 

et al. pointed out that both nucleation and growth of Au NPs occurred on the surfaces 

of several ionic liquids.20 It was reported that the growth of Au NPs occurred on the 

liquid surface of castor oil at a low sputtering power and inside the liquid at a high 

sputtering power. Vanecht et al. reported evidence that Au NPs grow inside the ionic 

liquids and the growth was regulated by the viscosity of liquid as the particle sizes 

have a linear relationship with the viscosity.21 Carette et al. pointed out that Ag NPs 
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grow inside ionic liquids after observing that chemical interactions between 

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide ([BMIM][TFSI]) 

molecules and Ag atoms are highly favored.22 However, other studies reported that Au 

NPs grow on the surface as well as in the bulk of an ionic liquid; this result was 

postulated based on the observation that small Au NPs were obtained with ionic 

liquids of low surface tension and viscosity.23 Hatakeyama et al. showed that 

increasing the temperature of polyethylene glycol (PEG) used as the liquid substrate 

for the sputtering of an Au target led to the formation of large Au NPs; they 

demonstrated that the growth of Au NPs in PEG was controlled by the diffusive 

velocity of the sputtered particles.24 The exact growth mechanism of NPs synthesized 

by sputtering onto liquids is still a subject of discussion, especially the growth 

mechanism of NPs in liquid polymers. It is dependent not only on the liquids used but 

also on the type of metal/oxide NPs and how they are produced. Au/Ag,25 Au/Pt,26 and 

Au/Cu27 alloy NPs have been prepared by sputtering a mixed target material onto an 

ionic liquid by the Torimoto group. Au/Ag,28 Au/Cu,29,30 and Au/Pd31 alloy NPs 

synthesized by co-sputtering onto liquids have been reported. Au/Pd alloy NPs have 

also been prepared by sputtering alloy targets onto ionic liquids.32 An interesting 

approach for the synthesis of Pt/Cu bimetallic NPs by sputtering onto TiO2 nanotube 

arrays was described by Farsinezhad et al.33 However, as far as we know, the 

synthesis of Pt/Cu alloy NPs by sputtering onto a liquid has not been reported yet. 

Different types of liquid matrices, such as ionic liquids,22,23,25-27,31 polymers,24,28,30,34-38 

silicone oil,39 and vegetable oil,40 can be considered for the preparation of Pt/Cu alloy 
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NPs by sputtering. Recently, liquid PEG, a biocompatible and economic polymer has 

been proven to be a useful medium for the synthesis of Pt NPs via sputtering with 

negligible aggregation. The low vapor pressure of PEG makes vacuum sputter 

deposition possible. The surface tension and viscosity of PEG, especially PEG with a 

molecular weight of 600, can stabilize NPs.37 However, the growth mechanism of 

sputtered alloy NPs, Pt/Cu in particular, in PEG is not yet known.  

In the current study, for the first time ever, we synthesized Pt/Cu alloy NPs by 

sputtering a Pt/Cu alloy target onto PEG (MW = 600) as the capture medium and 

systematically studied the influence of synthesis parameters on the particle size in 

order to elucidate the growth mechanism of Pt/Cu alloy NPs. Our results show that 

this synthesis method is a green approach for the preparation of stable colloidal Pt/Cu 

alloy NPs. The growth of Pt/Cu alloy NPs can be controlled by carefully selecting the 

deposition parameters, such as sputtering current, rotation speed of the stirrer, 

sputtering period, sputtering time, and the temperature of PEG. Our results prove that 

aggregation and growth of Pt/Cu NPs occur at the liquid polymer surface as well as 

inside the liquid polymer. 

 

3.2 Experimental section 

3.2.1 Preparation of Pt/Cu NPs 

A Pt/Cu (1/1 (w/w), 1/3.09 (mol/mol)) alloy target (50 mm in diameter, Tanaka 

Precious Metals, Japan) was used to synthesize Pt/Cu NPs. PEG (MW = 600, Junsei) 



70 

 

was degassed in an oil bath with continuous stirring at 80 °C in vacuum for 2 h and 

then put in a Petri dish (60 mm in diameter), which was placed in the sputter chamber 

horizontally. PEG was stirred using a stirrer at a set rotation speed. Before collecting 

Pt/Cu NPs, the Pt/Cu alloy target was pre-sputtered for 10 min to clean the target 

surface. A carbon-coated transmission electron microscopy (TEM) grid (Nisshin EM, 

Japan) or a glass substrate for XRD measurement was placed at the center of the Petri 

dish. The distance of target-PEG surface, target-carbon-coated TEM grid, and 

target-glass substrate was set at 50 mm. Sputtering was carried out in an inert Ar 

atmosphere at room temperature. The pressure of the vacuum chamber was kept 

constant at 2 Pa during the sputtering process. The metal target was cooled during 

sputtering using cooling ethanol (0 °C). The typical process parameters were as 

follows - sputtering current of 30 mA, 80 rpm rotation speed of the stirrer, 30 min of 

sputtering time, and PEG temperature of 30 °C. 

 

3.2.2 Study of the particle growth mechanism 

To investigate the growth mechanism of Pt/Cu alloy NPs during sputtering, the 

effects of process parameters on the formation of Pt/Cu NPs were studied, i.e., by 

varying (1) sputtering current onto PEG and (2) using TEM grids at different 

sputtering times, varying the (3) rotation speed of the stirrer, (4) sputtering period, (5) 

sputtering time, and (6) temperature of PEG, as summarized in Table 3.1. The vapor 

pressure of PEG24 is low enough for all the experiments in the present study. The 
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purpose of experimental sets (1)-(3) is to analyze the size of Pt/Cu NPs at different 

currents, the ability of PEG to inhibit the growth of Pt/Cu NPs, and the growth of 

Pt/Cu NPs after reaching the liquid surface. Experiments (4)-(6) are designed to 

differentiate growth on the PEG surface (experiment (4)) and in the bulk liquid 

(experiment (5) and (6)). This is based on our assumption that the growth of sputtered 

atoms/clusters on the PEG surface is governed by their collisions during their stay on 

the liquid surface before falling into to the bulk liquid. Therefore, reducing the 

sputtering period (30 min-5 s) and introducing a few seconds of non-sputtering 

between two sputtering periods for letting the particles fall from the liquid surface 

into the bulk liquid can help reduce particle size. Secondary growth and aggregation 

in bulk PEG are functions of the concentration of NPs in PEG, which is in turn related 

to the sputtering time and viscosity (dependent on PEG temperature). Thus, 

monitoring changes in the NP size with respect to these factors can help in 

understanding the growth of NPs inside bulk PEG. 
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Table 3.1 Summary of the experimental parameters 

 Current 

(mA) 

Substrate Rotation 

speed 

(rpm) 

Sputtering 

period 

Sputtering 

time  

Temperature 

(°C) 

1 5-50 PEG 80 continuous 30 min 30 

2 5-50 
PEG, 

TEM grid 
- - 

30 min, 1 s, 

5 s 
- 

3 30 PEG 0-160 continuous 30 min 30 

4 50 PEG 80 
continuous, 30 

s, 15 s, 5 s 
30 min 30 

5 30 PEG 80 continuous 15 min-4 h 30 

6 30 PEG 80 continuous 30 min 20-50 

 

3.2.3 Characterization 

The particle size, size distribution, and morphology of Pt/Cu alloy NPs were 

investigated by TEM (JEOL JEM-2010 or JEOL-2000FX, 200 kV), high-resolution 

TEM (HR-TEM, JEOL JEM-ARM200F, 200 kV), and scanning TEM (STEM, JEOL 

JEM-ARM200F). The TEM, HR-TEM, and STEM samples were prepared by simply 

dipping carbon-coated grids into PEG dispersions containing NPs for a few seconds, 

immediately followed by dipping them into ethanol for a few minutes, and finally 

drying the grids in air at room temperature for a few minutes. The size and size 

distribution were obtained by measuring at least 300 particles at different areas of the 

grid using ImageJ and rounding up to the first decimal place. TEM-energy dispersive 

X-ray spectroscopy (EDX), STEM-EDX elemental mapping, STEM-EDX line 
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profiling, and X-ray fluorescence spectrometry (XRF, JSX-3100RII, JEOL) were 

conducted to verify the existence and composition of the Pt/Cu alloy NPs. Optical 

absorption spectra of the NPs were generated on a JASCO V-630 spectrophotometer 

using a 1 mm optical path quartz cuvette, immediately after sputter deposition. All the 

measurements were baseline corrected using a blank quartz cuvette without any 

PEG-NP dispersion. The crystalline structure of the NPs was determined using 

HR-TEM, STEM, and X-ray diffraction (XRD, Rigaku Mini Flex II, Cu Kα radiation, 

λ = 1.5418 Å). Samples for XRD analysis were prepared by adding acetone to Pt/Cu 

NPs in PEG dispersions followed by centrifuging several times; finally, the solid was 

dried under vacuum. XRD analysis was also performed on Pt/Cu samples prepared by 

sputtering a Pt/Cu alloy target directly onto XRD glass substrates for various 

sputtering times (30 s-5 min). The XRD patterns were recorded at a scan speed of 

0.5°/min. The deposition rate of Cu was estimated by measuring the weight of the 

sputtered material obtained on an aluminum foil. 

 

3.3 Results and discussion 

First, we investigated the sputtered Pt/Cu NPs obtained in PEG to confirm that 

they are indeed alloy NPs; this was carried out using UV-Vis spectroscopy, XRD 

analysis, and STEM-EDX line profiles. The compositions of the target and sputtered 

materials were similar, as analyzed by XRF and TEM-EDX. Later, we studied the 

growth of Pt/Cu NPs after landing on the liquid PEG surface. 
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3.3.1 Composition, structure, and optical properties of the sputtered 

Pt/Cu NPs dispersed in PEG 

 

Figure 3.1 (a) UV-Vis absorption spectra of Pt (black curve), Pt/Cu (red curve), and Cu 

(blue curve) NPs obtained by continuous sputter deposition onto PEG at a sputtering 

current of 20 mA and (b) their respective enlarged spectra. 

 

Figure 3.1a shows the UV-Vis absorption spectra of Pt, Pt/Cu, and Cu NPs and 

Figure 3.1b represents an enlarged view of these spectra. It can be clearly seen that 

PEG containing Cu NPs exhibits a broad peak with the center around 580 nm, which 

can be assigned to the surface plasmon resonance (SPR) of Cu NPs.41 However, no 

plasmon absorption of Cu was detected in the dispersion of Pt/Cu bimetallic NPs 

under the same conditions, which reveals that it is not a physical mixture of Pt and Cu 
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NPs. 

 

 

Figure 3.2 Pt/Cu NPs prepared by continuous sputtering onto PEG at a sputtering 

current of 50 mA for 30 min, with a rotation speed of 80 rpm at 30 °C. (a) 

HAADF-STEM image, corresponding EDX mapping images of (b) Pt L and (c) Cu K, 

(d) STEM-EDX line profile measured across two NPs; the inset shows the 

STEM-HAADF image of the analyzed NPs (the yellow arrow shows the scanning path 

for the line profile). (e) HR-TEM image of a Pt/Cu NP. 

 

Table 3.2 shows the compositions of the NPs obtained by sputtering onto glass 

for 30 min (XRF) and onto TEM grids for 30 s (TEM-EDX). Different sputtering 

times were chosen for XRF and EDX analysis in order to obtain adequate signals at 

sputtering currents of 20 and 40 mA. As listed in Table 3.2, the composition of the 

resulting NPs was around 71 at.% Cu; it is clear that the NP composition was not 

affected by the sputtering current and time. 
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Table 3.2 XRF and EDX analyses of the sputtered materials 

Current/mA 20 40 

Cu at.%, XRF 69.9 ± 0.3 70.1 ± 0.6 

Cu at.%, EDX 75.7 ± 5.3 71.6 ± 1.9 

 

The high-angle annular dark field (HAADF)-STEM image and EDX elemental 

map (Figures 3.2a-3.2c) show that all the particles contain both Pt and Cu. The line 

profile in Figure 3.2d also shows that the NPs contain both Pt and Cu elements but no 

clear core-shell structures were formed, which demonstrates that the obtained NPs 

were Pt/Cu alloys. In the HR-TEM image (Figure 3.2e), the measured fringe spacing 

was 2.15 Å, which is in between that of Pt and Cu. The value is identical with the 

reported lattice spacing of the (111) plane of Pt29Cu71 (2.15 Å), implying that Pt29Cu71 

alloy NPs were formed. The lattices cross through the whole particle, indicating single 

crystal formation. Alloy formation was further confirmed by XRD analysis (Figure 

3.3). The (111) and (200) peaks of the Pt/Cu alloy target, sputtered Pt/Cu films on 

glass, and Pt/Cu NPs in PEG are located between those of Pt and Cu; no other peaks, 

which would indicate the presence of impurities, were detected. These results indicate 

that the sputtering of Pt/Cu alloy targets resulted in alloy products with a 

face-centered cubic crystal structure. 42 It can be noticed in Figure 3.3 that the (111) 

and (200) peaks became sharper and more intense when the sputtering time increased 

from 1 min to 5 min due to an increase in the size of Pt/Cu films and the Pt/Cu 

amount. The large line broadening observed in the XRD peak of Pt/Cu NPs sputtered 

onto PEG (red curve) is thought to be caused by the small particle size; a mean 
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crystalline size of ca. 3.2 nm was estimated using Scherrer’s equation. Interestingly, 

the (111) peak position increases in the order of Pt/Cu NPs < Pt/Cu film-1 min < 

Pt/Cu film-5 min < Pt/Cu target. This is probably due to the oxidation of Cu which is 

more severe in small Pt/Cu NPs and thin film (1 min sputtering) compared to that in 

the thick film (5 min sputtering) and bulk Pt/Cu alloy target. The oxidation of the 

Pt/Cu NPs after purification and exposed to air resulted in slightly less Cu in metallic 

Pt/Cu alloy, thus the XRD peak of the NPs or thin film was slightly shifted to a lower 

angle than the that of the bulk Pt/Cu. Therefore, on the basis of the HR-TEM, 

STEM-EDX mapping, STEM-EDX line profile, and XRD results, we concluded that 

under the employed conditions, single crystalline Pt29Cu71 alloy can be generated via 

sputtering onto PEG. Hereafter, we refer to Pt29Cu71 alloy NPs as Pt/Cu NPs. 

 

 

Figure 3.3 XRD profiles of a Pt/Cu alloy target (pink curve), Pt/Cu thin films sputtered 

on XRD glass substrates at a sputtering current of 50 mA for 5 min (orange curve) and 1 

min (green curve), Pt/Cu NPs prepared by continuously sputtering onto PEG at a 

sputtering current of 30 mA with a rotation speed of 80 rpm for 4 h at 30 °C (red curve); 

the stick patterns represent the reference patterns of Cu (JCPDS number 04-0836) and 

Pt (JCPDS number 04-0802). 
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3.3.2 Growth mechanism of Pt/Cu NPs during sputtering 

To study the growth mechanism of Pt/Cu NPs during sputtering, the effects of 

physical conditions, including (1) sputtering current, (2) substrate, (3) rotation speed 

of the stirrer, (4) sputtering period, (5) sputtering time, and (6) temperature of PEG, 

on the formation of Pt/Cu NPs were studied, as summarized in Table 3.1. 

3.3.2.1 Effect of the sputtering current and substrate on particle size 

Photographs of PEG dispersions of Pt/Cu NPs generated at various sputtering 

currents at 30 °C with a rotation speed of 80 rpm and their corresponding UV-Vis 

absorption spectra are shown in Figure 3.4. After sputtering, no films or aggregates 

were observed on the PEG surface. The color of the dispersions became darker when 

the sputtering current increased. The generated UV-Vis absorption spectra corroborate 

this observation; increasing the sputtering current resulted in a gradual increase in the 

UV-Vis absorption intensity. This may be attributed to an increase in the particle 

concentration. The appearance of a broad absorption band at 260 nm is indicative of 

the formation of Pt/Cu alloy NPs.43 Absorption at shorter wavelengths is usually 

ascribed to the existence of smaller particles, while absorption at longer wavelengths 

corresponds to larger particles.44 The absorption shoulder at 260 nm slightly shifted to 

longer wavelengths as the sputtering current increased, thus suggesting an increase in 

the particle size. Sputtering current is related to the sputtering rate, i.e., the number of 

atoms ejected from the metal target per unit time. Increasing the sputtering current 

produces a higher number of atoms, which results in a higher collision frequency. 
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Thus, bigger particles were obtained. 

 

 

Figure 3.4 Photographs of PEG dispersions of Pt/Cu NPs under ambient light (left) and 

UV-Vis absorption spectra of the NPs (right) obtained by continuous sputter deposition 

onto PEG at different sputtering currents for 30 min at 30 °C with a rotation speed of 80 

rpm. 

 

The above hypothesis was verified by TEM analysis of Pt/Cu NPs in PEG 

dispersions. The TEM images and calculated particle sizes and size distributions are 

displayed in Figure 3.5. All the NPs were individual particles; the average size of the 

Pt/Cu NPs was found to increase with an increase in the sputtering current. As 

discussed previously, this is related to an increase in the sputtering rate. 

Precipitation was not apparent in any of the samples when they were stored in 

the dark at room temperature for several months. Under similar conditions, Cu NPs 

dispersed in PEG precipitated after several weeks. This indicates that the Pt/Cu alloy 

NPs dispersed in PEG were highly stable when compared to monometallic Cu NPs. 

The particle size of the Pt/Cu sample prepared at a sputtering current of 30 mA 

increased by only 0.1 nm after storing in the dark at room temperature for 1 year 

(Figure S1), whereas Cu NPs growth happened after keeping for few hours.45 This 
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indicates negligible growth in Pt/Cu NPs after a sputtering cycle is completed, which 

is similar to the case of Pt NPs.37 Thus, alloying of Cu with Pt improves the colloidal 

stability of the resulting NPs as compared to monometallic Cu NPs.  
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Figure 3.5 TEM images and size histograms of the NPs obtained by continuous 

sputtering onto PEG at different sputtering currents: (a) 5, (b) 10, (c) 20, (d) 30, (e) 40, 

and (f) 50 mA for 30 min at 30 °C with a rotation speed of 80 rpm.  
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To verify if agglomeration takes place after the clusters land on the surface of 

PEG, sputter deposition onto TEM grids was also conducted at different sputtering 

currents of 10-50 mA for different sputtering times of 1 s and 5 s. The particle sizes 

were estimated from TEM and STEM images. 

Figure 3.6 shows the TEM images, particle sizes, and the respective histograms 

of Pt/Cu NPs obtained by sputtering onto a TEM grid for 5 s. Figure S2 shows the 

corresponding results of Pt/Cu NPs generated by sputtering onto a TEM grid for 1 s. 

The average size of Pt/Cu NPs increased from ca. 1.3 to 4.5 nm when the sputtering 

current increased from 10 (Figure 3.6a) to 50 mA (Figure 3.6e), corresponding to 

nanoparticle densities of approximately 6.9  104 (10 mA), 5.5  104 (30 mA) and 3.2 

 104 (50 mA) particles per μm2. In other words, with an increase of the sputtering 

current, the number density of NPs decreases and average particle size increases. Thus, 

the growth of NPs on solid surface likely follows the island growth model for 

deposited film growth in vacuum sputter deposition. Pt/Cu NPs generated at low 

sputtering currents (10-30 mA) were spherical; roughly spherical NPs were obtained 

at a sputtering current of 40 mA and polycrystalline islands with a very broad size 

distribution were observed at a sputtering current of 50 mA. Further increase in the 

sputtering time led to the formation of large polycrystalline islands (Figure S3). This 

could be attributed to the fact that increasing the sputtering current (Figure S4) or 

sputtering time increased the number of Pt/Cu particles landing on the TEM grids. 

They cannot move on the solid substrate and thus increase the particle size by joining 

with each other.  
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The particle size vs. sputtering current tendency is shown in Figure 3.7. The 

particle size increased as the sputtering current increased, which implies that the 

particle size can be controlled in a narrow range by varying the sputtering current. We 

previously reported Pt NPs synthesized by this method,37 where we observed that 

Pt/Cu NPs were slightly larger than Pt NPs. The Pt/Cu NPs obtained by sputtering 

onto PEG were larger than those obtained by sputtering onto a TEM grid (1 s), but 

smaller than those sputtered onto TEM grids for 5 s and 30 s. This suggests that the 

collision/aggregation and growth of sputtered Pt/Cu atoms and clusters occur to some 

extent after reaching the PEG surface. PEG helps in dispersing and stabilizing Pt/Cu 

NPs as well as in inhibiting individual small particle from growing to big sized 

particles and aggregations as observed in the case of NPs sputtered onto TEM grids 

for 5-30 s. It has been reported that smaller and more uniform Au NPs obtained in the 

ionic liquid with lower surface tension and lower viscosity.23 On the other hand, it can 

also be assumed that a large number of oxygens in PEG coordinated with the surface 

of the NPs and assisted in their stabilization. Thus, we suggest that possibly the PEG 

chains coordinated with the metal particle surface and the viscosity of PEG led the 

formation of small particles with narrow size distributions.24 We will revisit this point 

after discussing other results. On the basis of the above-mentioned results, we can 

conclude that after landing on the PEG surface, Pt/Cu NPs grew to a certain extent 

before being stabilized by PEG. 
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Figure 3.6 Size histograms of NPs obtained by sputtering onto TEM grids for 5 s at 

different sputtering currents: (a) 10 mA, (b) 20 mA, (c) 30 mA, (d) 40 mA, (e) 50 mA. 

The insets are corresponding TEM images; all scale bars are 20 nm. 

 

 

Figure 3.7 Relationship between the particle size and sputtering current. Continuous 

sputtering onto PEG (black) and TEM grids for 1 s (red) and 5 s (blue). 
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3.3.2.2 The effect of rotation speed of stirrer on particle size 

Figure 3.8 shows the relationship between particle size and rotation speed of the 

stirrer. The corresponding TEM images, particle size distributions, and UV-Vis 

spectra of Pt/Cu NPs prepared at different rotation speeds of the stirrer (0-160 rpm) 

can be found in Figure S5. The other experimental conditions were as follows - 

sputtering current of 30 mA, PEG temperature of 30 °C, and sputtering time of 30 min. 

The TEM image and size distribution of Pt/Cu NPs produced at 80 rpm can be found 

in Figure 3.5d. Smaller Pt/Cu NPs with a narrow size distribution were generated at 

higher rotation speeds; this result agrees well with our previous study.46 Increasing the 

rotation speed of the stirrer accelerates the diffusion of Pt/Cu atoms and clusters not 

only on the liquid surface but also inside the liquid, thus suppressing the accumulation 

of NPs on the liquid polymer surface and inside the liquid polymer, finally forming 

small particles. This result also confirms that Pt/Cu atoms, clusters, and NPs 

aggregated and grew after landing on PEG surface.  

 

Figure 3.8 Relationship between particle size and rotation speed of the stirrer. The error 

bars represent the standard deviation of the particle size. 
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3.3.2.3 The effect of sputtering period on particle size 

In order to find out whether particle growth occurs on the PEG surface, we kept 

the total sputtering constant, i.e., 30 min for having a fixed amount of metal atoms in 

the liquid and conducted discontinuous sputtering with sputtering periods of 30 s, 15 s, 

and 5 s, with a sputtering interval of 5 s (Figure 3.9a). For example, a sputtering 

period of 30 s means we conduct sputtering for 30 s followed by stopping sputtering 

for 5 s, with a total sputtering time of 30 min (Figure 3.9a). A stopping time of 5 s was 

chosen as it is long enough for a particle to fall below the PEG surface. In other words, 

5 s is longer than the residence time of NPs on the PEG surface. This was deduced 

from Figure 3.7, where it was observed that Pt/Cu NPs in PEG are smaller than those 

obtained by sputtering onto a TEM grid for 5 s. If the particle growth occurs on the 

PEG surface, shortening the sputtering period thereby having a larger number of 

stopping time can allow particle fall through the PEG surface before collision and 

growth on the PEG surface. Hence, smaller particle size can be obtained as depicted 

in Figure 3.9b. The particle size and size-distribution results at different sputtering 

periods are shown in Figures 3.9c. The TEM image and size distribution obtained 

after continuous sputtering for 30 min are shown in Figure 3.5f and for discontinuous 

sputtering was shown in Figures 3.9d-e and S6. We found that the particle size 

decreased when shifting from continuous sputtering to discontinuous sputtering as 

expected; further, a shorter sputtering period resulted in a smaller particle size (Figure 

3.9c). Thus, the growth of Pt/Cu NPs on PEG surfaces at short and long sputtering 

periods followed the illustration in Figure 3.9b. Particle growth on PEG surface was 
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inhibited more efficiently with a short sputtering period and consequently, the particle 

size decreased. This is an evidence of Pt/Cu NP growth on PEG surface. 

 

3.3.2.4 The effect of sputtering time on particle size 

Figure 3.10 presents the TEM images of Pt/Cu NPs generated in PEG by varying 

the sputtering time; other sputtering conditions were fixed at 30 mA, 30 °C, and 80 

rpm. The TEM image and size distribution of the NPs obtained at a sputtering time of 

30 min can be found in Figure 3.5d. The results of the present study reveal that with 

an increase in the sputtering time from 15 min to 2 h, the particle mean diameters and 

standard deviations of the Pt/Cu NPs gradually increased. At longer sputtering times 

(4 h), the size and aggregation of Pt/Cu NPs increased considerably. A broad size 

distribution was observed after 4 h of sputtering. Increasing the sputtering time can 

increase the concentration of Pt/Cu NPs inside PEG, which in turn increases the 

collision frequency among clusters or NPs, resulting in bigger particles. This indicates 

that aggregation and growth of Pt/Cu NPs occurred inside PEG. The formation of 

polycrystalline units as a result of particle aggregation and growth inside PEG could 

be clearly observed in the STEM image of Pt/Cu NPs synthesized over a sputtering 

time of 4 h (Figure 3.10e). Furthermore, the shoulder position of the UV-Vis spectrum 

of Pt/Cu NPs shifted to longer wavelengths as the sputtering time increased (Figure 

S7). This may be due to an increase in the particle size as observed in TEM. 
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Figure 3.9 (a) A schematic illustration of different sputtering periods. (b) Schematic 

diagram illustrating our hypothesis of the growth of Pt/Cu NPs on the PEG surface at 

short and long sputtering periods. (c) Relationship between particle size and sputtering 

period. Size histograms of Pt/Cu NPs at a fixed sputtering current of 50 mA, rotation 

speed of 80 rpm, PEG temperature of 30 °C, and different sputtering periods of (d) 30 

min and (e) 5 s. The total sputtering time (excluding 5 s stopping time between two 

sputtering periods) in all the cases was 30 min. The imag1e of Pt/Cu NPs prepared with 

the sputtering period of 30 min without interval is shown in Figure 3.5(f). 
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Figure 3.10 Size histograms of Pt/Cu NPs obtained by continuous sputtering onto PEG 

at a fixed sputtering current of 30 mA, PEG temperature of 30 °C, rotation speed of 80 

rpm, and different sputtering times. (a) 15 min, (b) 1 h, (c) 2 h, and (d) 4 h. Insets are the 

corresponding TEM images, all the scale bars are 20 nm. (e) Corresponding STEM 

image at a sputtering current of 30 mA for 4 h. (f) Relationship between NP size and 

sputtering time. The TEM image and size distribution of the NPs obtained at a 

sputtering time of 30 min is shown in Figure 3.5(d). 

 

Monometallic Pt37 and Cu NPs also exhibited the same phenomenon, i.e., the 

particle size increased with an increase in the sputtering time from 30 min to 4 h 

(Figure S8). Among Cu, Pt, and Pt/Cu NPs, Cu NPs were the largest (5.3 ± 2.5 nm), 

while the sizes of Pt and Pt/Cu NPs were (2.7 ± 1.2 nm) and (3.1 ± 1.7 nm), 

respectively, after 4 h of sputtering at a sputtering current of 30 mA.  
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 When the sputtering time was increased from 30 min to 4 h, it was observed 

that the increase in the average particle size of Cu NPs was the largest (0.11 Å/min), 

while Pt NPs and Pt/Cu NPs exhibited the same rate of increase (0.07-0.08 Å/min). 

Taking the difference in the sputtering yield of Pt and Cu into consideration, i.e., Cu 

has a lower sputtering yield than Pt (for 30 min sputtering, 9.7 mg (4.9  10-5 mol)  

of Pt37 and 2.4 mg (3.7  10-5 mol) of Cu were obtained at a sputtering current of 50 

mA), the more pronounced effect of sputtering time on the size of Cu NPs when 

compared to Pt and Pt/Cu NPs indicates that Pt and Pt/Cu NPs are more stable in PEG 

unlike Cu NPs. Therefore, the type of metal is an important factor determining 

particle aggregation and growth in PEG.  

 

3.3.2.5 The effect of PEG temperature on particle size 

Pt/Cu NPs with an average size of ca. 1.5-1.6 nm were formed regardless of PEG 

temperature in the range of 20 to 50 °C (Figures 3.5d, S9). It is worth noting that the 

ratio of larger NPs to smaller NPs increased upon increasing PEG temperature; 

however, this increase is very small as shown in the size-distribution histograms. This 

result conflicts with a study on the synthesis of Au NPs by sputtering onto PEG, 

where it was found that the Au NP size increased from about 2 to 8 nm upon 

increasing PEG temperature from 20 to 60 °C.24 The study pointed out that the 

stabilization effect of PEG is not strong enough to suppress the growth of Au NPs. 
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It has been reported that surface tension and viscosity affect particle aggregation 

and growth on the liquid surface and inside the liquid, respectively.23,47 Changing the 

temperature of the liquid affects its surface tension and viscosity. The surface tension 

of PEG (MW = 600) decreased from 45.76 to 39.86 dyn/cm with an increase in the 

temperature from 20 to 80 °C.48 Thus, increasing the temperature from 20 to 50 °C is 

too small a change to cause drastic differences in the NP size due to growth on the 

PEG surface. However, the viscosity of PEG (MW = 600) decreased significantly as 

the temperature increased from 20 to 50 °C from 167 to 43 cP.24 Thus, increasing the 

PEG temperature results in only a slight decrease in surface tension but a significant 

decrease in viscosity. Therefore, the slight increase in the proportion of large Pt/Cu 

NPs may be attributed the growth of Pt/Cu NPs inside the liquid polymer. According 

to Hatakeyama et al., smaller Au particles are generated in an ionic liquid with low 

surface tension and viscosity.23 However, in our case, the proportion of large particles 

slightly increased when the surface tension and viscosity of PEG were low. We 

suggest that this is because a low surface tension and viscosity lead to an increase in 

the diffusive velocities of the sputtered metal particles, which leads to an increase in 

the collision frequency, finally resulting in the formation of large particles. This 

phenomenon agrees well with our observation that when Cu NPs are sputtered onto 

PEG, the Cu NP size changed considerably (the average particle size was 3.0 ± 0.7 

nm at 30 °C and 4.5 ± 1.8 nm at 50 °C (Figure S8 and Figure S10). However, we also 

observed that the size of Pt37 and Pt/Cu NPs increased only negligibly. Therefore, it 

can be stated that PEG temperature affects the size of different metal NPs, such as Au, 
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Ag, Cu, Pt, and Pt/Cu, differently. As mentioned previously, the oxygen atoms of PEG 

coordinated with the surfaces of Au NPs and the -CH2-CH2- chains work as stabilizers 

by surrounding the NPs;24 van der Waals interactions exist between PEG (MW =3350) 

chains and Ag NPs.49 One of the reasons for the higher colloidal stability of Pt and 

Pt/Cu NPs when compared to monometallic Cu and Au NPs may be due to the 

different interactions between different metal NPs and PEG. The degrees of 

aggregation and growth rates of different metal NPs are different under the same 

sputtering conditions. In fact, dispersions of Pt NPs37 and Pt/Cu NPs in PEG were 

very stable after sputtering; there were no noticeable changes in their absorption 

spectra for several months when they were stored at room temperature in the dark, 

thus indicating that the PEG matrix is a good stabilizer for Pt and Pt/Cu NPs. 

However, as discussed previously, Cu NPs in PEG precipitated after several weeks 

and Au NPs in PEG precipitated after one week. This result agrees well with a 

previous report by Wender;40 Au NPs and Ag NPs were prepared by sputtering onto 

castor oil and it was reported that the stabilization mechanisms for Au NPs and Ag 

NPs were different. Furthermore, PEG temperature in the range of 20 to 50 °C (50 °C 

is the upper limit of our device) does not seem to be wide enough to study its effect on 

the size of Pt/Cu NPs, or maybe it is because the number of particles is not high 

enough in the liquid for effective collision to form larger particles during sputtering. 

Therefore, we suggest that PEG is an effective capture medium for generating 

well-dispersed and stable Pt/Cu NPs with an average size of 1-3 nm over short 

sputtering times.  



93 

 

The UV-Vis spectra of Pt/Cu NP dispersions in PEG in Figure S9 shows that the 

shoulder positions did not change with respect to PEG temperature, indicating that the 

temperature of PEG did not affect the particle size, which is consistent with the TEM 

observations. Pt and Pt/Cu NPs were more stable than Cu NPs in PEG as 

demonstrated by the fact that Cu NPs aggregated severely while the sizes of Pt/Cu 

NPs and Pt NPs37 were almost stable when the PEG temperature was increased from 

20 to 50 °C (Figures S9 and S10). 

Combined with our previous results, it can be concluded that particle growth 

occurs not only on PEG surface but also inside PEG and can be regulated by 

controlling the sputtering time, sputtering period, current, and stirring speed. 

Therefore, we can control particle growth by varying the experimental parameters that 

affect aggregation and growth of NPs on the liquid surface and inside the liquid. 

Under experimental conditions in the present study, we think that the temperature 

target is sufficiently maintained with circulating cooled ethanol and the increase in its 

temperature during sputtering for short time (below 30 min) and low sputtering 

currents (50 mA or less) is small and has negligible effect on the particle size (Figure 

S11). The influence of the target temperature on particle size can be studied in the 

future.  
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3.4 Conclusions 

Stable Pt/Cu alloy NPs with diameters in the range of 1-3 nm and narrow size 

distribution were successfully synthesized at room temperature without using a 

reducing agent. Particle sizes could be tailored by varying the sputtering current, 

rotation speed of the stirrer, sputtering period, sputtering time, and PEG temperature. 

Compared with the samples sputtered onto TEM grids, particle growth could be 

inhibited to some extent using PEG as the capture medium without an additional 

stabilizing agent. It was found that decreasing the sputtering time, sputtering period, 

and sputtering current or increasing the rotation speed of the stirrer resulted in smaller 

Pt/Cu alloy NPs; there were no significant differences in the NP size with respect to 

the liquid matrix temperature (20-50 °C) over a sputtering period of 30 min. We 

proved that aggregation and growth of Pt/Cu alloy NPs occurred both on the PEG 

surface and inside the liquid bulk. Understanding the growth mechanism of NPs 

formed via sputtering onto liquid polymers allows good control over the size and 

shape of colloidal NPs and in achieving NPs with the desired properties. Our results 

indicate that the aggregation, growth, and colloidal stability of NPs during and after 

sputtering onto PEG are highly dependent on the metals used. 
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4. Pt/Au alloy nanoparticles prepared by 

double target sputtering 

4.1 Introduction 

Platinum (Pt) and gold (Au) nanoparticles (NPs) have been the subject of intense 

study, especially in catalysis.1-7 In comparison with the monometallic counterparts, 

Pt/Au alloy NPs exhibit superior catalytic performances.8,9 Although both Pt and Au 

have face-centered cubic (fcc) crystalline structure, Pt and Au are largely immiscible 

in the bulk phase diagram.10 However, Pt/Au alloy NPs have been experimentally 

synthesized.11,12 Their existence and alloy structures have also been supported by 

simulation based on molecular dynamics, which showed NPs (~6 nm) 

thermodynamically favor the formation of alloy structure.13 Particle size, size 

distribution, morphology, composition, and stability, all play a very significant role in 

catalytic reactions. In addition, the homogeneous dispersion of Pt/Au alloy and its 

nanostructure lead to an excellent catalytic property.14 Hence, there is much interest in 

the synthesis of Pt/Au alloy NPs. Usually, Pt/Au alloy NPs have been synthesized via 

chemical reduction methods.15-18 However, NPs prepared by chemical reduction 

methods often use the reducing agents and contain byproducts which can influence 

the catalytic properties.19 On the other hand, due to the different reduction potential of 

Pt and Au, core-shell structure or phase segregation has been observed.20,21  

Sputter deposition22-26 have attracted considerable interest for synthesizing metal 

alloy NPs. This is because metal alloy NPs can be formed via alloying of metal 
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atoms/clusters which detach from the metal target surface via sputtering.27 Thus, there 

are fewer restrictions on materials and more freedom from different reduction 

potential. Pt/Au thin films have been prepared by co-sputtering onto Si substrate.10 

Instead of the traditional solid substrate,10,22 using a liquid substrate for vacuum 

sputtering can be considered as a suitable method for obtaining alloy NPs with 

controllable size, shape, and composition.28-29 Many kinds of liquids can be used as 

the matrix, such as ionic liquids,30,31 vegetable oils,32 silicone oil33 and polymer.34 

Pt/Au alloy NPs have been synthesized by single target sputtering onto ionic liquid 

using mixed foil targets.35 However, this method requires various targets with 

different composition for varying composition of the resulting alloy NPs. Thus, a 

sputtering system comprised of multiple targets for alloy formation would be ideal. 

Recently, sputtering onto polyethylene glycol (PEG, MW = 600)36-44 is considered as 

one of the green methods to synthesize NPs with desired properties. For example, we 

recently demonstrated that PEG can be used to stabilize Pt NPs and Pt/Cu alloy NPs.36, 

42 However, the preparation of Pt/Au alloy NPs using dual-target sputter deposition of 

Pt and Au bulk metals onto PEG has not been reported. Furthermore, the formation 

mechanism of Pt/Au alloy NPs synthesized by the vacuum sputtering onto liquids has 

not been fully understood. Especially the correlations of size, shape, composition, and 

atom concentration are rather ambiguous without systematic experimental estimation 

or simulation basics.  

In the present paper, Pt/Au alloy NPs were prepared by sputtering onto PEG 

using Pt and Au targets at room temperature. The sputtering currents of two targets 
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were varied to investigate the relation of NP size, shape, composition and atomic 

concentration of Pt/Au NPs. We combined UV-vis spectrum, XRF, XRD, XPS, TEM, 

HR-TEM and STEM structural analysis with DFT calculation in order to elucidate the 

formation mechanism of Pt/Au NPs at the atomic scale. Our results showed that the 

size and shape of the Pt/Au alloy NPs are significantly dependent on the Pt/Au atomic 

ratio. This relation can be explained by the different formation energy of metals and 

atomic concentration among NPs and clusters. Note that the current approach is a 

general method, which can be reproduced for preparing other bimetallic NPs.  

 

4.2 Experimental Section 

4.2.1 Preparation of Pt/Au NPs 

PEG (MW = 600, Junsei, Japan) was stirred (900 rpm) under vacuum in an oil 

bath at 80 °C for 2 h to remove water and gases, then put into a Petri dish with a 

diameter of 60 mm which was located horizontally in the center of magnetron 

sputtering vacuum chamber, a stirrer was put under the PEG surface. PEG was under 

stirring (80 rpm) during sputtering. Pt (99.99% in purity, 50 mm in diameter, Tanaka 

Precious Metals, Japan) and Au (99.99% in purity, 50 mm in diameter, Tanaka) targets 

were used in this co-sputtering deposition, and elemental ratios were controlled by 

adjusting the sputtering current to each sputtering target. PEG and carbon-coated Cu 

transmission electron microscopy (TEM) grids (Nisshin EM, Japan) were used as the 

substrate for sputtering experiments. When a TEM grid was used as the substrate, it 
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was put in the center of the Petri dish. The center of the surface of PEG and of TEM 

grids was located at a distance of 110 mm from the two metal targets. The schematic 

illustration of the synthesis of Pt/Au alloy NPs via co-sputtering onto PEG is depicted 

schematically in Figure S1. After several times of gas-changing with inert Ar to 

remove O2, the pressure of vacuum chamber was kept constant at 2 Pa. Cooling 

ethanol of 0 °C was used for cooling the metal target temperature during sputtering. In 

all the sputtering experiments, prior to collect NPs, Pt and Au targets were sputtered 

for 10 min to clean the target surface. During this period removable shutters located in 

front of metal targets and liquid polymer were used to prevent the materials from 

dropping onto the liquid polymer. Sputtering onto PEG was conducted for 30 min to 4 

h while sputtering onto TEM grid was conducted for 1 to 30 s. The sputtering system 

was equipped with a thermocouple and a temperature control system to keep the 

substrate temperature at 30 °C. 

 

4.2.2 Characterization 

UV-vis spectrum was measured immediately after sputter deposition by JASCO 

V-630 spectrophotometer using a quartz cuvette having 1 mm optical path. All 

measurements were baseline corrected using empty quartz cuvette. Size and shape 

were observed by TEM (JEOL JEM-2010 and JEOL JEM-2000FX, 200 kV). 

High-resolution TEM (HR-TEM) and scanning TEM (STEM) images were obtained 

using a JEOL JEM-ARM200F, operating at 200, 120, and 80 kV. Samples for TEM, 



107 

 

HR-TEM, and STEM analysis were prepared by dipping a grid into PEG dispersion 

for a few seconds, then immediately dipping into ethanol for a few minutes to remove 

the excess amount of PEG, and finally drying in the air at room temperature for a few 

minutes. Size and size distribution were collected from TEM, HR-TEM, and STEM 

images by measuring approximately 300 particles in at least three different regions of 

the grid using ImageJ software. Crystal structure of NPs was evaluated using 

high-angle annular dark-field (HAADF)-STEM and X-ray diffraction (XRD, Rigaku 

Mini Flex II, Cu Ka radiation, λ = 1.5418 Å, scan speed of 0.5°/min). XRD samples 

were prepared by adding fumed silica into PEG-NPs dispersion to capture NPs and 

then centrifuged with methanol multiple times for isolating fumed silica supported 

NPs from PEG. The X-ray intensities for all samples were plotted as a function of 2 

theta and were normalized. Elemental mapping using energy-dispersive X-ray 

spectroscopy (EDX) coupled with STEM and X-Ray Fluorescence (XRF, 

JSX-3100RII, JEOL) were carried out to verify the existence of Pt/Au alloy NPs and 

their composition. Particle composition distribution was examined with STEM-EDX 

line profile. Surface composition and surface chemical state of the samples were 

determined using a JEOL JPS-9200 X-ray photoelectron spectroscopy (XPS) device 

equipped with a monochromatic Al Kα X-ray source with 1486.6 eV operating at 100 

W under ultrahigh vacuum (~ 5.0 × 10-7 Pa) conditions. The binding energy of Si 2p 

from the Si wafer substrate was used for charge correction. XPS samples were 

prepared by adding carbon black into PEG-NPs dispersion to capture NPs and then 

centrifuged with acetone several times for isolating carbon black supported NPs from 
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PEG, then dried under vacuum. XPS was also carried out on the Pt/Au NPs sputtered 

directly onto Si wafer. The weight of the sputtered material obtained on an aluminum 

foil under the same sputtering conditions was measured to estimate the amount of 

sputtered metal in PEG.  

 

4.2.3 Computational methods 

Density functional theory (DFT) calculations were carried out to investigate the 

interaction between PEG and NPs. All calculations are finished by GPAW, which is a 

real-space grid-based all-electron DFT code implemented in the projector 

augmented-wave formalism. In calculations, for simplifying the calculation, similar to 

the previous report, 45 OH-CH2-CH2-OH molecules was used by shortening the 

-CH2-CH2- chain to represent PEG (Mw = 600). And Au (Pt) (111) surface structure 

which consists of five Au (Pt) layers was used to represent NPs. And 

Perdew-Burke-Ernzerhof (PBE) functional was used for exchange-correlation, 

k-meshes of (3×3×1) was adopted for sampling Brillouin zones. The interaction of 

PEG with Au (Pt) surface was modeled by approaching PEG molecule close to 

surface to for a monodentate configuration. The configuration was relaxed until the 

maximum atomic force is less than 0.05eV/ Å. 

The adsorption energy (Ead) was calculated by  

Ead=EPEG+surface-EPEG-Esurface                    (1) 

Where EPEG+surface is the energy of the system containing PEG and Au (Pt) 
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surface. EPEG and Esurface are the energy of isolated PEG molecule and Au (Pt) surface, 

respectively. 

To elucidate the growth of Pt/Au NPs, DFT calculations were also performed to 

study the formation energy of different metal clusters. According to the previous 

reports,46,47 three reported stable Au (Pt) nanostructures were chosen, they are Pt20, 

Au20, Au25, and a series nanostructures Pt1Au24,Pt2Au23. Pt1Au24 and Pt2Au23 with a 

similar structure of Au25 were created.46 For each structure, it was set at a large unit 

cell of (30×30×30) Å3 to avoid the interaction with structure in neighboring cell. And 

in these calculations only Gamma point is used for sampling Brillouin zones and all 

atoms were relaxed until the atomic force is less than 0.05eV/Å. 

The formation energies (Ef) of Pt20, Au20, Au25, Pt1Au25, and Pt2Au23 are 

calculated by  

                      Ef = Etotal – nEref                           (2) 

Where Etotal is the energy of a nanocluster in vacuum, n is the number of atoms in 

nanocluster, and Eref is the energy of one Pt or Au atom in bulk. 

 

4.3 Results and discussion 

4.3.1 Pt/Au alloy NPs formed by simultaneous sputter deposition 

onto liquid PEG. 

We found that using double head sputtering and liquid PEG, co-sputtering of Pt 

and Au is the most effective way to obtain alloy NPs. NPs produced by sputtering 
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onto PEG using different procedures (Table 4.1) were studied, that is, sputtering of 

only Pt (I), only Au (II), physical mixture of Pt and Au (III), step-wise sputtering of Pt 

then Au (IV) and Au then Pt (V), and co-sputtering of Pt and Au (VI).  

Figure 4.1 shows the UV-vis absorption spectra of the NPs dispersion obtained 

by different preparation methods (Table 4.1). The corresponding TEM and STEM 

images can be found in Figures 4.2d and S2. The UV-vis spectrum of Pt NPs (I) 

exhibits monotonically increasing absorbance as wavelength decreased as 

reported.36,48 UV-vis spectrum of Au NPs (II) shows the localized surface plasmon 

resonance (LSPR) peak at 542 nm and absorption at longer wavelength, which 

indicates the presence of Au and large agglomerate (Figure S2). The physical mixture 

(III) and step-wise sputtered samples (IV and V) of Pt and Au shows the LSPR 

absorption of Au around 542 nm.32 The existence of Au was also confirmed by TEM 

(Figure S2) and EDX, in which, large agglomeration of 100 at.% Au and small Pt NPs 

co-exist. It has been reported that there is no LSPR peak of Pt/Au alloy NPs in UV-vis 

spectra while the absorbance of Pt/Au alloy NPs is monotonically increasing toward 

shorter wavelength.35 Thus, step-wise sputtering of Pt and Au onto PEG (IV and V) 

resulted in physical mixtures of Pt and Au NPs, not alloy or core@shell NPs as it has 

been reported for AuPd alloy NPs,48 Ag@Au and Ag@Pd core@shell structure31 

synthesized by successive sputtering of two metal targets onto ionic liquids. In 

contrast, co-sputtering (VI) onto PEG produced uniform Pt/Au NPs of 2.9 nm and 

LSPR peak at 542 nm was not observed in the UV-vis spectrum of the sample. The 

disappearance of plasmon resonance band is not due to the formation of small NPs (< 
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2 nm)49 but owing to the presence of Pt in the bimetallic Pt/Au NPs, suppressing the 

LSPR peak of Au.50 The results suggest the formation of Pt/Au alloy NPs by 

simultaneous sputtering.  

 

Table 4.1 Summary of different preparation methods. 

Preparation 

methods 
I II III IV V VI 

Pt current/mA 50 0 50 
50  

(1st sputter) 

50 

(2nd sputter) 
50 

Au current/mA 0 50 50 
50 

(2nd sputter) 

50 

(1st sputter) 
50 

Note 
Sputtering 

only Pt 

Sputtering 

only Pt 

Physical 

mixture 

of (I) and 

(II) 

Stepwise 

sputtering 

Stepwise 

sputtering 
Co-sputtering 

 

   

Figure 4.1 UV-vis absorption spectra of samples obtained by sputtering of only Pt (I), 

only Au (II), physical mixture of (I) and (II) samples (III), sputtering Pt target for 30 

min followed by sputtering Au target for 30 min (IV), sputtering Au target for 30 min 

followed by sputtering Pt target for 30 min (V), and simultaneous sputtering of Pt and 

Au for 30 min (VI).  
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Figure 4.2 XRD patterns of Pt/Au NPs obtained via sputtering onto PEG under various 

sputtering current of Pt target from 0 (black), 10 (red), 20 (blue), 30 (pink), 40 (green) and 
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50 mA (cyan) while keeping sputtering current of Au target constant at 50 mA (a). XRD 

patterns in (a) in range of 2θ from 35.0° to 42° (b). Stick patterns are the reference patterns 

of Pt (JCPDS #04-0809) and Au (JCPDS #04-0784). The relation between the lattice 

parameter and Pt at. % of the bimetallic NPs (c); the data collecting from the samples of 

Pt-50 mA/Au-40 mA (41 at.% Pt), Pt-50 mA/Au-30 mA (51 at.% Pt), Pt-40 mA/Au-20 

mA (57 at.% Pt), and Pt-50 mA-4 h (100 at.% Pt) were also used in this graph. 

HAADF-STEM image (JEOL JEM-ARM200F, operating at 200 kV) of Pt/Au NPs 

obtained by sputtering onto PEG under sputtering current of Pt-50 mA/Au-50 mA (d). 

HAADF-STEM image (JEOL JEM-ARM200F, operating at 120 kV) of Pt/Au NPs 

obtained by sputtering onto PEG under sputtering current of Pt-20 mA/Au-50 mA (e), 

corresponding STEM EDX-mapping images of Pt L (f) and Au L (g), UV-Vis 

absorption spectra of PEG-NPs dispersions produced by co-sputtering onto PEG using 

different sputtering current of Pt target from 0-20 mA (h) and 20-50 mA (i) while 

keeping sputtering current of Au target constant at 50 mA.   

 

The bimetallic Pt/Au NPs prepared via co-sputtering onto PEG using various 

sputtering currents of Pt target, that is, 0 to 50 mA, while keeping sputtering current 

of Au target constant at 50 mA were collected and analyzed with XRD (Figure 4.2). 

XRD results (Figure 4.2a) reveal that all samples exhibited five characteristic 

diffraction peaks corresponding to the (111), (200), (220), (311), and (222) planes of 

fcc structure. The diffraction peaks of the Pt/Au alloy NPs located between the 

reference peaks of pure Pt and Au as shown in Figure 4.2a and 4.3b. This indicates the 
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formation of solid solution Pt/Au NPs. The (111) peaks of Pt/Au NPs (Figure 4.2b) 

shifted to higher 2θ angles in the direction from Au (111) peak to Pt (111) peak with 

increasing sputtering current of Pt. Such a shift can be caused by the difference in 

atomic radius of Pt and Au atoms in the substitutional Pt/Au solid solution and the 

increase in Pt content in the bimetallic NPs. Lattice parameters of Pt/Au NPs, 

calculated based on the measured 2θ values of (111) diffraction lines, were plotted in 

Figure 4.2c as a function of Pt at. % in Pt/Au NPs determined using XRF (Figure 3). 

The lattice constant of Pt/Au NPs is in between that of Pt (3.92 Å) and Au (4.08 Å) 

and exhibited a linear relationship with the Pt composition. This consists well with 

Vegard’s law51 as well as similar with reported results for Pt/Au alloy,52 suggesting 

solid solution alloy formation in our samples. The broad peaks in Figure 4.2a-b 

demonstrate that the particles were nanocrystalline of average 3-10 nm (Figure S3) as 

also observed in TEM (Figure 4.3). The XRD peaks of Pt/Au NPs are broader 

compared with that of Au NPs which is owing to the smaller size of the Pt/Au NPs 

compared with the Au NPs (Figures S2 and 4.3).  

Figure 4.2d is the STEM image of the sample that obtained by sputtering onto 

PEG with the sputtering current of Pt-50 mA/Au-50 mA. As shown in Figure 4.2d, the 

crystalline plane of the NPs can be observed, demonstrating an excellent crystallinity 

of Pt/Au alloy in the particle and the lattice spacing was 2.01 Å, corresponding to 

(200) plane of Pt34Au66. The HAADF-STEM images of NPs obtained by sputtering 

onto a TEM grid (Figure S4) also indicate simultaneous sputtering of Pt and Au leads 

to a random Pt/Au alloy. STEM-EDX mapping of Pt/Au with bigger sizes (sputtering 
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current of Pt and Au are 20 and 50 mA, respectively) shows the similar result (Figure 

4.2e-g). No significant segregation of Pt and Au takes place in large agglomeration. 

However, it is noteworthy that there were Pt/Au NPs near the agglomeration which 

contains higher Pt content suggesting the elemental distribution was not homogenous 

in the samples that have agglomeration.  

The presence of large aggregation of particles and big sized particles in Au-rich 

samples (Pt < 20 at.%, e.g. sputtering current of Au is 50 mA and sputtering currents 

of Pt are 20 mA) is also inferred from the existence of the LSPR of Au at 542 nm and 

absorbance in the long wavelength, that is, more than 550 nm, of the agglomerates in 

UV-vis spectra (Figure S5b and Figure 4.2h). On the other hand, there was neither 

LSPR peak of Au nor a clear absorbance in long wavelength for samples of more than 

20 at.% Pt prepared using the sputtering current of 30-50 mA for Pt and sputtering 

current of 50 mA for Au target (Figure 4.2i). The absorption in short wavelength, 280 

nm, increased and the absorption in long wavelength region, > 550 nm, decreased 

with increasing of Pt ratio, confirming the formation of individual Pt/Au alloy NPs 

with higher Pt content. This is consistent with XRD results (Figure 4.2a and 4.2b).  

In our study, no precipitates inside the PEG liquid of all samples could be 

observed by the naked eye right after synthesis. However, PEG-Au dispersion tends to 

aggregate/precipitate with time whereas Pt/Au NPs dispersed in PEG appear to be 

fairly stable (Figure S5c), and the higher the Pt content, the more stable the dispersion. 

Namely, increasing Pt content will increase the stability of PEG-Pt/Au dispersion. A 

lot of articles also reported that the stability of Pt/Au NPs was enhanced by alloying 
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Au with Pt.46 

 

4.3.2 Relation among the size, shape, and composition of the 

prepared NPs 

A systematic study was conducted by keeping sputtering current for one target 

constant and varying the sputtering current for the other target from 0 to 50 mA. The 

TEM images, particle size, and the Pt at. % based on the XRF measurement of the 

resulting NPs are shown in Figure 4.3. Nominal Pt/Au atomic ratio measured from 

XRF is similar to that on the particle surface measured from XPS (Table S1). Noted 

that the statistical size distribution cannot be readily collected from the TEM images 

for the agglomeration. Two important tendencies were observed in the obtained NPs: 

(1) increasing Pt ratio in alloy sample result in termination of particle agglomeration 

and formation of individual NPs with a smaller size, and (2) the size and the 

composition of NPs are highly correlated for various couples of sputtering currents 

used in this study wherein NPs with similar composition have the same size. 

 It is observed that when keeping the sputtering current of Pt constant, e.g., 50 mA, 

an increase in sputtering current of Au resulted in bigger NPs (Figures 3 and 4a-e). 

This is a common sense because using higher sputtering current produces more metal 

atom and cluster for the growth of particles. A similar phenomenon was also 

commonly observed for monometallic NPs prepared via sputtering onto liquids.36 In 

contrast, when sputtering current of Au was kept constant, for example 50 mA, an 
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increase in the sputtering current of Pt from 0 mA to 50 mA resulted in the 

morphology changes from agglomeration state (sputtering current of Pt from 0 to 30 

mA) to individual particle state (sputtering current of Pt from 30 to 50 mA) with a 

decrease in particle size (Figure 4e-g). A similar tendency was observed in other cases 

(other rows in Figure 4.3) when keeping the sputtering current of Au constant and 

increasing the sputtering current of Pt. It is well-known that increasing the sputtering 

current of Pt also increases the amount of Pt atoms/clusters in the liquid. However, 

different from what observed when increasing sputtering current of Au, an increase in 

the amount of Pt atoms/clusters did not make the bimetallic Pt/Au alloy NPs bigger 

but terminated the formation of agglomeration and reduced the particle sizes (Figures 

5 and S3). Over all, it was observed in Figure 4.3 that severe aggregation and large 

size particles occurred in Au and Au rich samples with Pt less than 16 at. % (left side 

of Figure 4.3). Only individual NPs without aggregation were observed when there 

was more than 27 at.% of Pt. Figure 4.5 shows the relation of particle size and Pt 

atomic percentage for samples that contain individual NPs as seen in Figure 4.3. It is 

obvious that the size decreased in the order of Au NPs > Pt/Au NPs > Pt NPs, which is 

in good agreement with the previous results,32, 50 and smaller Pt/Au NPs contained 

more Pt. These results strongly indicate the particle size and whether the resulting 

Pt/Au alloy is individual particle or aggregate were determined by the composition, 

that is, Pt/Au atomic ratio, rather than the sputtering currents themselves which 

determine the amounts of atoms/clusters and particles in the liquid at present 

conditions. In other words, under a certain concentration of NPs in PEG (sputtering 
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currents 50 mA or less and sputtering time of 30 min), the particle size and 

agglomeration state are a function of particle composition. 

 

 

Figure 4.3 TEM images of NPs dispersed in PEG obtained by sputtering onto PEG 

using different sputtering currents of Pt and Au targets (0-50 mA). Particles in the same 

column were obtained using the same sputtering current for Pt with increasing 

sputtering current for Au from top to bottom. Particles in the same row were obtained 

using the same sputtering current for Au with an increase of sputtering current for Pt 

from left to right. Numbers as insets show particle size (in white text) and composition 

(in yellow text) of the bimetallic Pt/Au NPs in term of Pt at. %. The scale bar in the 

image is 20 nm. 
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Figure 4.4 Size distributions of NPs obtained by sputtering onto PEG using different 

sputtering currents of Au target: 10 (a), 20 (b), 30 (c), 40 (d), 50 mA (e) while keeping 

sputtering current of Pt target constant at 50 mA, and using different sputtering currents 

of Pt target: 40 mA (f) and 30 mA (g) while keeping sputtering current for Au target 

constant at 50 mA.  

 

 

Figure 4.5 Relation between NP size and Pt atomic content, the fitting curve is based 

on the Boltzmann model. The R2 value for the nonlinear fit of the data is 0.985. The data 

collecting from the samples of Pt-50 mA/Au-5 mA (93 at. % Pt) and Pt-50 mA (100 at. % 

Pt) were also used in this graph. 
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We also found Pt can terminate agglomeration of Ag particles (Figure S6) and 

agglomeration disappeared when Au alloy with Ag or Cu (Figure S7). Similar 

phenomena were also reported by other groups, for example, Hirano et al. and Chang 

et al. showed the size of Pd/Au bimetallic NPs decreased when Pd content 

increased.54,55 However, correlations of size and composition in the above-mentioned 

studies are rather ambiguous and the underlying reasons have not been elucidated.  

The second aspect in size-composition dependency is that Pt/Au NPs exhibited 

the same size for the same composition no matter the sputtering current used.  

 Figure S8 shows histograms of NP size obtained for samples with Pt of about 

32-35 at.% (Figure 4.3) obtained with various sputtering current for Au and Pt target. 

Corresponding photographs of PEG-NPs dispersions and UV-Vis spectra can be 

found in Figure S9. It can be seen from Figure 4.3, NPs having close-to-spherical 

shape, an average size of 2.9 nm and a standard deviation of 0.5 nm (Figure S8) were 

observed without the formation of large agglomerates in all cases despite the 

sputtering current of both Pt and Au targets increased from 10 mA to 50 mA. Namely, 

with increasing the total amount of metal by increasing the sputtering current, the size 

and size distribution of particles with the same nominal composition are basically 

preserved. It seems that the size of the metal NPs is mainly controlled by Pt/Au 

atomic ratio rather than by the sputtering current under investigated conditions: 

sputtering onto PEG for 30 min and the upper limit of sputtering current is 50 mA. 

Similar results were observed for particles of 57 at.% Pt (sputtering currents Au-10 

mA/Pt-20 mA, Au 20-mA/Pt-40 mA) and of 45-48 at. % Pt (Au-30 mA/Pt-40 mA, Au 
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20-mA/Pt 30-mA) as shown in Figure 4.3. However, in our previous study, under 

similar sputtering conditions, that is, sputtering time of 30 min and sputtering current 

in the range of 10 to 50 mA, larger Pt NPs and Pt/Cu NPs were obtained when 

applying a higher sputtering current.36,42 

In order to check the concentration range of metal in PEG that the NPs exhibit 

the same size for the same composition as shown in Figure 4.3 and Figure S8, we 

measured the amount of metal deposited onto PEG for 30 min at various sputtering 

currents, that is, Pt-10 mA/Au-10 mA, Pt-20 mA/Au-20 mA, Pt-30 mA/Au-30 mA, 

Pt-40 mA/Au-40 mA, and Pt-50 mA/Au-50 mA. The results (Table S2) indicate that 

5.6 mg metal was produced in 10 cm3 of PEG at the highest sputtering current of 50 

mA and for that amount of metal, Pt/Au NPs with a composition of 34 at.% Pt can 

preserve their size of 2.9 ± 0.5 nm. In order to increase the amount of metals in PEG 

and see if secondary aggregation and growth occurred, a longer time of sputtering was 

used for two samples, that is, Pt-20 mA/Au-20 mA and Pt-50 mA/Au-50 mA. 

Sputtering for 4 h with sputtering currents of 20 mA for Pt and Au produced 12 mg of 

metal in PEG which is double the amount of metals sputtered at 50 mA for 30 min 

(Table S2). The NPs appeared in individual with maintaining an average particle size 

of 2.9 nm, but their size distribution became wider compared with that of the samples 

sputtered for 30 min using sputtering currents 20 and 50 mA (Figure S10). This 

suggests growth of NPs for a higher amount of sputtered metals with the same Pt/Au 

ratio. More obvious secondary aggregation and growth were observed for sample 

sputtered at 50 mA with total of 44.8 mg of metal in PEG (Figure S10) wherein NP 
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size was 4.5 ± 1.8 nm. These results remind us that the same composition results in 

the similar size should be restricted in a certain condition wherein the amounts of 

metal in 10 cm3 PEG below 5.6 mg (e.g. sputtering time of 30 min, sputtering current 

no more than 50 mA). Longer sputtering time, that is, 4 h, could give enough high 

particle concentration for effective collision, consequently, the difference in particle 

size for the same composition could be detected.  

However, in the 30 min-sputtering, the obtained particles were single crystals, 

whereas the obtained particles of 4 h-sputtering of Pt-50 mA/Au-50 mA were 

polycrystals (Figure S10c), indicating the secondary growth occurs. Thus, the results 

above-mentioned is a clear indication that there is a relation exists among size, 

composition, and atom concentration in the first growth of particle.  

 

4.3.3 Possible formation mechanism.  

The above experimental results of co-sputtering of Pt/Au show a strong 

correlation of compositions, sizes and shapes. We have found the capability of Pt to 

terminate the agglomeration of Au, producing smaller Pt/Au NPs at higher content of 

Pt, and for certain range of metal concentration in PEG, NPs having the same 

composition showed the same size. To elucidate the underlying reasons for the 

formation of Pt/Au NPs, DFT calculation, STEM-EDX mapping, and line profile 

were carried out. 
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4.3.3.1 High Au content results in agglomeration and high Pt content 

results in small alloy particle size 

As we observed that Cu42 and Au NPs (Figure S5c) in PEG aggregated and 

finally precipitated after keeping for several days whereas Pt in PEG were very stable 

in PEG even after keeping for two years, which drives us to consider that the 

interactions between different metal NPs and PEG are different. If the interaction 

between Pt atoms and PEG is favorable compared with Au atoms, we can expect that 

Pt NPs can be well protected, the growth of Pt NPs and NPs with high Pt content in 

PEG during sputtering or storage should be very slow. To get the insights into the 

chemical interactions between the different NPs and PEG, DFT calculation were 

carried out, the structures and results are shown in Figure S11 and Table 4.2. It seems 

that PEG molecule adsorbed more favorably on Pt than Au because the calculated 

adsorption energy of PEG-Pt is almost twice larger compared with the PEG-Au (0.20 

eV vs 0.12 eV) and the bond length of O-Pt atom is shorter than O-Au atom (2.424 Å 

vs 3.133 Å). Furthermore, in the same Pt/Au ratio structure, it also appears that PEG 

molecule energetically prefer to adsorb on Pt compared with Au because when PEG 

molecule adsorb on Pt atom, the calculated adsorption energy is higher compared with 

the that of Au atom (0.19 eV vs 0.07 eV and 0.11 eV vs 0.09 eV) and the bond length 

of O-Pt atom is shorter than O-Au atom (2.483 Å vs 2.756 Å and 3.010 Å vs 2.797 Å). 

Based on these results, we suggest that it is because that Pt clusters can be well 

protected by PEG compared with Au clusters, clusters with high Pt content are 

difficult to grow, results in the formation of small particle, while clusters with high 
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Au content will easily grow during sputtering, as a result, larger particle formed; 

when Au content higher than 84% (at.%), agglomeration formed.  

 

Table 4.2 DFT calculated adsorption energy and bond length between the model PEG 

molecule and different surfaces. 

Structure Adsoption atom 
Adsorption 

energy (eV) 

Bond length of 

O-metal atom (Å) 

Pt (a) PEG adsorbed on Pt -0.20 2.424 

Pt/Au 

(One Pt atom 

substituted by one Au 

atom in structure (a)) 

(b) PEG adsorbed on Pt -0.19 2.483 

(c) PEG adsorbed on Au -0.07 2.756 

Au (d) PEG adsorbed on Au -0.12 3.133 

Pt/Au 

(One Au atom 

substituted by one Pt 

atom in structure (d)) 

(e) PEG adsorbed on Au -0.09 3.010 

(f) PEG adsorbed on Pt -0.11 2.797 

 

However, when sputtering onto solid substrate (TEM grid), we also find 

increasing Pt content results in the formation of smaller particle. Figures S12-S15 

show that STEM images of NPs prepared by sputtering onto TEM grid for 1 s under 

various sputtering currents of Pt for each sputtering current of Au (0, 20, 40, and 50 

mA). When only Au was sputtered for 1 s at sputtering current from 20 to 50 mA, 

both Au atoms and NPs were observed. The sizes of Au NPs increase with increasing 

the sputtering current (Figures S13a, S14a, and S15a). When only Pt was sputtered for 

1 s at 10 mA only Pt atoms were observed on the TEM grid (Figure S12). An increase 
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in sputtering current of Pt to 20 mA resulted in the formation of Pt nanoclusters and 

NPs aside from Pt atoms. When the sputtering current of Pt was increased from 20 to 

50 mA, more Pt NPs and less Pt atoms were observed. The sizes of Pt NPs also 

increase with increasing the sputtering current, which is similar to Au.  

When the sputtering current of Au was set at 20 mA and applying current on Pt 

target, the particle sizes decrease when the sputtering current of Pt was increased from 

0 to 10 mA and then increase when the sputtering current of Pt was further increased 

to 50 mA (Figure S13). Similar results were also observed when the sputtering current 

of Au was set as 40 and 50 mA whereas sputtering current of Pt was increased from 

10 to 50 mA (Figures S14 and S15).  

By sputtering onto TEM grid for a longer time, that is 30 s, the particle sizes also 

decrease first (Figure S16a-c), then increase, and finally, particles agglomerate 

severely (Figure S16d-f) when keeping the sputtering current of Au as 50 mA and 

increasing the sputtering current of Pt from 0 to 50 mA. The phenomenon was 

observed for Pt/Au sputtered onto the TEM grid for various sputtering times from 1 to 

30 s (Figure S17). The decrease in the particle size of Pt/Au NPs first when increasing 

the sputtering of Pt from 0 to 20 mA occurred in all the cases. We also found similar 

results for co-sputtering of Au and another metal target such as Cu and Ag. The 

increase of particle size and severe agglomeration by sputtering for a long time or at 

high sputtering currents is due to the attachment and growth of a large number of 

sputtered atoms/clusters particles on the solid substrate where they cannot move freely. 

The decrease in particle size for an increase in the sputtering current of the second 
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target in co-sputtering, on the other hand, is evidence of the interaction and alloying 

of two types of metal elements. Combined with the results obtained by sputtering onto 

PEG, we can conclude that even a small amount of Pt can induce a pronounced 

change of particle size via alloying with Au.  

Our DFT calculation result shows that formation energy, Ef, of Pt20 and Au20 

with a structure of 20 atoms are 28.81 and 12.66 eV respectively, where their 

corresponding structural model can be found in the reference.49 The results indicate 

that Pt20 has higher formation energy than Au20. Moreover, it has been reported that in 

clusters with a fixed number of Pt atoms, the formation energy of the cluster 

decreases with the increase of the number of Au atoms,56 whereas, in clusters with a 

fixed number of Au atoms, the formation energy of the cluster increases with the 

increase of the number of Pt atoms.56 The reduction of the formation energy makes 

the NP formation become easier. As a result, a larger particle can be formed when 

more Au is in the particle to reduce the formation energy. On the other hand, when 

more Pt is in the particle, to increase the formation energy of the particle, the size of 

the particle should be smaller. From this point of view, we can explain our 

experimental result illustrated in Figure 4.6. When the sputtering current of Au is 

increased, more Au atoms can be ejected, leading to a higher content of Au in the NPs, 

and thus larger NPs can be obtained. On the other hand, when the sputtering current 

of Pt is increased, more Pt atoms can be ejected, thereby the formation energy of NPs 

will be increased, making the NP formation more difficult. Thus, the smaller NPs 

containing a smaller number of Pt atoms per particles can be formed. The result is 
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illustrated in Figure 4.6. 

 

 

Figure 4.6 Schematic diagram illustrates the relation of sputtering current, formation 

energy, and particle size: when Pt content is increased, the formation energy of the 

particles is increased, and hence this results in the formation of smaller particles. 

 

4.3.3.2 Same nominal composition gives a similar alloy particle size 

The experimental results reveal an interesting finding that the particles with the 

same nominal composition have similar sizes for various pairs of sputtering currents. 

To explain for each nominal composition why higher sputtering currents, which 

produce more metal atoms for particle growth, do not result in larger particle size, we 

consider several factors. The elemental distribution in individual nanoparticle can be 
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inhomogeneous. This is at least observed in the agglomeration rich in Au (Figure 4.2). 

The cohesive energy and surface energy of Pt are higher than that of Au, suggesting 

that Au can be preferentially orient toward the surface.47,57 If this occurs during 

particle formation and growth, the particles tend to grow bigger and form 

agglomerates as observed in Au rich samples. On the other hand, because the 

formation energy of Pt is higher than that of Au and higher Pt content on the particle 

surface can stop the particle growth, we suspect that the growth of particle can be 

stopped when the Pt/Au atomic ratio on the surface is higher than the average atomic 

ratio.  

We could not trace the growth process of Pt/Au particles, but STEM-EDX 

mapping and line profile (Figure 4.7, Table 4.3) of Pt/Au NPs obtained in PEG 

provide an evidence in support for the contention that a slightly higher Pt/Au atomic 

ratio is obtained for surface as compared to the nominal bulk values. Thus it could be 

concluded that a random alloy structure with Pt-rich surface is formed in Pt-50 

mA/Au-50 mA sample. Although the use of co-sputtering deposition appears to 

prevent the segregation of the two metals into separate particles, metal mobility 

within these particles, changing in surface atomic distribution during particle growth, 

and the subsequent surface-enrichment effect cannot be ruled out. Aside from Pt/Au 

NPs with Pt rich on the surface, we also found Pt/Au NPs with homogeneous element 

distribution. 
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Figure 4.7 HAADF image (a) and EDX mapping results of the sample obtained by 

sputtering onto PEG at sputtering current of Pt-50 mA/Au-50 mA for Pt L (b), Au L (c), 

and overlap image of Pt and Au (d). EDX-line profile results (e) of the Pt L (red 

line)/Au L (blue line) for another nanoparticle of the sample. ((a)-(d) were obtained by 

JEOL JEM-ARM200F, operating at 80 kV, (e) were obtained by JEOL 

JEM-ARM200F, operating at 200 kV.) 

 

Table 4.3 EDX results of particle shown in Figure 4.11a-d. 

 

 

Site 

center edge (0.5 nm from the surface) average 

Composition (Pt at.%) 32.63 52.47 37.16 
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We do not know the exact reason for the surface rich Pt. To shed some light on 

the interaction between Pt and Au atoms we have conducted illustrative calculations 

of the formation energy of model Au25,
46 Pt1Au24, and Pt2Au23 clusters in which the 

position of Pt atoms can be inside or on the surface of the clusters (Figure 4.8). From 

our previous report,36 not only NP but also small clusters and free atom were obtained. 

Thus, we can believe that the initial cluster can be the formation of a few atoms. 

Therefore, although Au25,
 Pt1Au24, and Pt2Au23 clusters are smaller than NPs obtained 

in our experiments, they are sufficient to investigate the relation between formation 

energy and alloy affect. Figure 4.8 shows the DFT optimized model of Au25 (Figure 

4.8a), Pt1Au24 clusters (Pt atom on the surface (Figure 4.8b) and Pt atom in the center 

(Figure 4.8c)), and Pt2Au23 clusters (Pt atoms on the surface (Figure 4.8d) and Pt 

atoms in the center (Figure 4.8e)). DFT results are summarized in Table 4.4. The 

formation energies of Pt1Au24 and Pt2Au23 cluster are higher than Au25, this can be 

attributed to the much higher cohesive energy of Pt than that of Au. The formation 

energy of the structure where Pt atom on the surface is slightly lower than that of Pt 

atom in the center, suggesting the clusters prefer the structures that Pt stays on the 

surface of the cluster. This is consistent with the EDX-mapping and line profile results, 

however, different from the result in the reported paper.56  
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Figure 4.8 DFT-simulated Au25 (a), Pt1Au24 with Pt atom on the surface (b), Pt1Au24 

with Pt atom in the center (c), Pt2Au23 with Pt atoms on the surface (d), and Pt2Au23 

with Pt atoms in the center (e) clusters. Au and Pt atoms are shown in yellow and gray 

respectively. 
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Table 4.4 Formation energy of different structures of Au25, Pt1Au24, and Pt2Au23. 

Structure Formation energy (eV) Note 

Au25 16.80 - 

Pt1Au24 17.13 Pt atom on the surface 

Pt1Au24 17.16 Pt atom in the center 

Pt2Au24 17.68 Pt atoms on the surface 

Pt2Au24 17.77 Pt atoms in the center 

 

Combined with the discussion of interaction between different metal atoms and 

PEG molecule, we suggest a possible formation process as shown in Figure 4.9. Since 

PEG adsorb on Pt atom stronger than Au atom, the NP formed by colliding with the 

part which contain high Au content on the small clusters selectively, as a result, the 

surface of the NP will increase as grow, corresponding to the fact that Pt atom prefers 

to stay on the surface of the NP. When Pt/Au ratio on the surface of the particle 

reaches to a certain value, it needs a lot of energy to form a bigger particle which 

cannot be satisfied in the present situation, as a result, the growth stops. Therefore, 

particle with same Pt/Au ratio results in similar size even the sputtering current 

varied. 

 

 

Figure 4.9 Schematic illustration for the formation of Pt/Au alloy NPs by sputtering 

deposition of Pt and Au onto PEG. 
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Consequently, based on the experimental results and calculation results, we 

conclude that particles with same nominal composition had similar size can be caused 

by slightly higher Pt content on the particle surface compared with the inside of the 

particles. Therefore, although increasing the sputtering current can create higher 

amount of sputtered materials, the high Pt content on the particle surface still make 

the particle growth become more difficult, and stop the growth at a certain size.  

 

4.4 Conclusions 

In summary, we have successfully demonstrated that the well-controlled Pt/Au 

alloy NPs with tunable composition was fabricated at room temperature by means of a 

co-sputtering method, despite the fact that the bulk metals exhibit a miscibility gap. 

The formation mechanism of Pt/Au NPs was investigated for the first time.  

In our approach, the control of particle size, morphology, composition, and alloy 

formation was obtained by simply control of the sputtering parameter at the present 

experimental conditions. Our results show that the composition of Pt and Au can be 

modulated from ca. 20 to 100 atom % Pt in individual Pt/Au alloy NPs. In addition, 

the shape of the NPs generated at high Pt content (Pt at.% > 27%) is spherical, the 

shape irregularity increases with an increase of the Au content. A decrease in the 

particle size with increasing Pt content is observed and particles with the same 

composition have similar sizes. The STEM-EDS results show that in comparison to 

the nominal composition, there are more Pt existing in the edge of the nanoparticle 
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and more Au existing in the center of the nanoparticle. The formation mechanism of 

alloy NPs, especially Pt/Au alloy NPs, in co-sputtering system was elucidated for the 

first time. Size, shape, and agglomeration degree of Pt/Au NPs are key points for their 

applications. Our findings in the relation among particle size, particle composition, 

and agglomeration state of the formed NPs with respect to their composition can shed 

light into the formation mechanism of Au-based and Pt-based alloy NPs and have 

profound implications to the design of Au-based and Pt-based alloys in liquid. The 

atomic-level alloy of Pt/Au NPs with variable and controllable sizes are expected to 

be useful as effective catalysts for various reactions.  
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5. General conclusion 

This study demonstrates that highly dispersed and stable monometallic and 

bimetallic NPs can be synthesized by sputter deposition method. In the second chapter, 

we proposed to use sputtering of Pt onto PEG to study the size, fine structure, and 

growth of the obtained Pt NPs. Various sputter currents were used to finely tailor 

particle size in sub-2 nm range, i.e. 0.9-1.4 nm, with high uniformity. The 

as-synthesized Pt NPs were found to have single crystal structure instead of 

aggregation of several Pt clusters. We further found that beside the Pt NPs, in the 

as-prepared dispersion there are Pt atoms and this contribute to the subsequent growth 

of Pt to certain stable sizes (1.6-1.7 nm) in PEG. Noticeably, the dispersion in PEG 

was colloidal stable for more than 5 months. Thus, the findings of this study can 

advance the current interdisciplinary research in using physical vacuum technique and 

chemistry for control particle size and understand the growth of the sputtered NPs. 

In chapter 3, we proposed to use sputtering of a Pt/Cu alloy target onto liquid 

polyethylene glycol, PEG, and solid substrate for the study of the size, fine structure, 

and growth of Pt/Cu alloy NPs of ca. 0.9 nm to 3.1 nm. Sputtering parameters related 

to the particle growth, i.e., substrate, sputtering current, stirring speed, sputtering 

period, sputtering time, and PEG temperature, have been varied systematically and 

their impact on particle size have been observed and evaluated. The results clearly 

evidenced the growth process of Pt/Cu after landing on the PEG surface. In particular, 

cluster growth occurred to some extent on the PEG surface in a short time, then the 
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alloy Pt/Cu NPs experienced further growth in the bulk liquid, and finally the formed 

NPs were stabilized in the liquid PEG for long time storage, i.e., a year. When 

sputtering was divided into multiple short periods (few seconds) with an interval 

between two periods, the particle size decreases compared with long periods 

sputtering (tens of seconds to 30 min). On the other hand, high sputtering current, a 

lower stirring speed, and a long sputtering time produced larger Pt/Cu NPs and 

aggregates instead of small single-crystalline NPs. These key findings allowed us to 

differentiate the growth of Pt/Cu alloy NPs on the liquid polymer surface and inside 

the bulk liquid polymer for the first time. These fundamental understandings lead to 

the fine control and manipulation of the desired particle size. Furthermore, 

comparison of the Pt/Cu, Pt, and Cu NPs obtained via sputtering onto PEG shed light 

on the elemental dependent nanoparticle growth and stability. This result is important 

as a guide for the study of co-sputtering for multiple metal alloy NPs wherein the 

interactions of particles of different metal elements on the liquid surface and inside 

the liquid influence in not only the size but also composition of the obtained NPs. 

The fourth chapter aimed to finely control size and composition of Pt/Au alloy 

NPs by using double target sputtering. We found that Pt/Au alloy NPs were 

successfully obtained in a wide range of composition and sizes by appropriate control 

of the sputtering conditions. The particle size, morphology, composition, and alloy 

formation are strongly correlated. That is, NPs generated at high Pt content (Pt 

at.%>27%) are spherical and well-dispersed whereas the irregularity and aggregation 

of particles increase with high Au content. Increasing Pt content results in a smaller 
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Pt/Au NPs. Further, Pt/Au NPs with the same composition have similar sizes for 

various pairs of sputtering currents applying on Pt and Au targets. The formation 

mechanism and growth of Pt/Au NPs are elucidated by a combination of experimental 

results and DFT calculation for the first time. DFT calculation indicates that PEG 

molecule energetically prefers to adsorb on Pt compared with Au is the cause of the 

smaller particle size associated with high Pt content. On the other hand, both 

experimental and simulation results reveal that the surface rich Pt can be attributed for 

the capability of stopping particle growth, leading to the same size of NPs with the 

same composition despite using higher sputtering currents. Our findings in the 

relation among particle size, particle composition, and aggregation state of the formed 

NPs with respect to its composition can shed light into the formation mechanism of 

Au-based and Pt-based alloy NPs. The atomic-level alloy of variable-size and 

size-controlled Pt/Au NPs are expected to be useful as effective catalysts for various 

reactions. 
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Appendix I. Supplementary information for chapter 2 

 

Figure S1. TEM image of NPs obtained by sputtering onto PEG under sputtering 

current of 50 mA for 2 h. 
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Figure S2. TEM images and size distributions of NPs obtained by sputtering on TEM 

grid for 5 s under sputtering current of (a) 5 mA, (b) 10 mA, (c) 15 mA, (d) 20 mA, (e) 

30 mA, (f) 40 mA, (g) 50 mA. 

 

  

Figure S3. TEM images of NPs obtained by sputtering on TEM grid for (a) 1 s and (b) 

30 s under sputtering current of 20 mA. 
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Figure S4. XPS spectra of as-synthesized and 7 months stored Pt NPs. The surface 

atomic content of Pt(0) decrease from 77 at.% in as-synthesized sample to 52 at.% 

after 7 months storage. 

 

 

Figure S5. XRD pattern of Pt NPs obtained in PEG after 30 min sputtering using a 

current of 50 mA. The stick pattern is the reference of Pt (PDF number 04-0809) 
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Figure S6. TEM images of sputtered Pt NPs using sputtering current of 20 mA for 30 

min onto PEG then the dispersion was stored in dark at room temperature for 1-30 

days. 
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Appendix II. Supplementary information for Chapter 3 

  

    

  

Figure S1. TEM image of NPs after keeping for 1 year obtained by continuously 

sputtering onto PEG under sputtering current of 30 mA and corresponding size 

distribution, UV-Vis spectra and photographs of PEG-NPs dispersion (left: right after 

synthesis and right: one year later) under room light. 
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Figure S2. TEM, HR-TEM and STEM images of NPs obtained by sputtering onto 

TEM grid for 1 s under sputtering current of (a) 10 mA (STEM), (b) 20 mA (STEM), 

(c) 30 mA (HR-TEM), (d) 40 mA (TEM) (e) 50 mA (HR-TEM). 

 

  

Figure S3. TEM images of NPs obtained by sputtering onto TEM grid under 

sputtering current of 30 mA for 30 s (a) and 60 s (b). 
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Figure S4. Images of NPs obtained by sputtering onto TEM grid for 30 s under 

sputtering current of (a) 20 mA (STEM), (b) 40 mA (STEM) and (c) 50 mA (TEM). 
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Figure S5. TEM images and size histograms of Pt/Cu NPs obtained by continuous 

sputtering onto PEG at a fixed sputtering current of 30 mA at 30 °C for 30 min at 

different rotation speeds of the stirrer. (a) 0, (b) 40, (c) 120, and (d) 160 rpm. The 

image and size histogram of Pt/Cu NPs prepared at the rotation speed of 80 rpm is 

shown in Figure 4.5(d). (e) Corresponding UV-Vis absorption spectra of Pt/Cu NPs 

obtained by sputter deposition onto PEG with sputtering current of 30 mA for 30 min 

at 30 °C with a rotation speed of 0 rpm (black curve), 40 rpm (red curve), 80 rpm 

(blue curve), 120 rpm (pink curve) and 160 rpm (green curve). 
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Figure S6. TEM images of Pt/Cu NPs at a fixed sputtering current of 50 mA, rotation 

speed of 80 rpm, PEG temperature of 30 °C, and different sputtering periods of (a) 30, 

(b) 15, and (c) 5 s. and corresponding size histogram at sputtering periods of (d) 30 s 

and (e)15 s.  

 

Figure S7. UV-Vis absorption spectra of Pt/Cu NPs obtained by sputter deposition 

onto PEG with sputtering current of 30 mA at 30 °C with rotation speed of 80 rpm for 

15 min (black curve), 30 min (red curve), 1 h (blue curve), 2 h (pink curve) and 4 h 

(green curve). Samples sputtered for 1, 2 and 4 h were diluted 3, 5 and 7 times 

respectively using PEG before measuring UV-Vis spectra. 
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Figure S8. TEM images of Pt NPs (a) and Cu NPs (b) obtained by continuously 

sputtering onto PEG for 4h, and Cu NPs obtained by continuously sputtering onto 

PEG for 30 min (c) at a fixed sputtering current of 30 mA, at 30 °C, rotation speed of 

80 rpm and corresponding size distribution. 
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Figure S9. TEM images and the corresponding size histograms of Pt/Cu NPs 

obtained by continuous sputtering onto PEG at a fixed sputtering current of 30 mA 

and rotation speed of 80 rpm for 30 min at different PEG temperatures: (a) 20, (b) 40, 

and (c) 50 °C. (d) Corresponding UV-Vis absorption spectra of Pt/Cu NPs. 
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Figure S10. TEM images of Pt NPs (a) and Cu NPs (b) obtained by sputtering onto 

PEG under sputtering current of 30 mA at 50 °C with rotation speed of 80 rpm for 30 

min and corresponding size distribution. 
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Figure S11. TEM images and size histograms of the NPs obtained by sputtering onto 

TEM grid for 5 s using circulating cooled ethanol at -10 °C for the target (a), 

continuous sputtering onto PEG at different sputtering currents: (b) 20 and (c) 50 mA 

for 30 min at 30 °C with a rotation speed of 80 rpm without using circulating cooled 

ethanol. The obtained particle size shows negligible differences compared to that of 

the samples (Figures 6e, 5c, and 5f) sputtered using circulating cooled ethanol 0 °C 

for the target while keeping other sputtering parameters constant.   
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Appendix III. Supplementary information for chapter 4 

 

Figure S1. Schematic illustration of the synthesis of Pt/Au alloy NPs via double 

target sputtering onto PEG. 

 

 

 

Figure S2. TEM images of Pt (I), Au (II), PEG-Pt NPs dispersion mixed with 

PEG-Au NPs dispersion (III), sputter Pt target for 30 min followed by sputtering Au 

target for 30 min (IV), and sputter Au target for 30 min followed by sputtering Pt 

target for 30 min (V). 
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Figure S3. Changes in crystallite diameter and particle diameter with changes in 

proportion of Pt (at.%) in NPs. Crystallite diameter of Pt/Au NPs, calculated based on the 

measured 2θ values of (111) and (200) diffraction lines. 

 

   

Figure S4. HAADF-STEM image of NPs obtained by sputtering onto TEM grid under 

sputtering current of Au (50 mA) / Pt (50 mA) for 5 s (a), STEM EDX-mapping images 

of Pt (b) and Au (c). ((a)-(c) were obtained by JEOL JEM-ARM200F, operating at 200 

kV) 
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Figure S5. Photograph of PEG-dispersions produced by co-sputtering onto PEG 

using different sputtering current of Pt target from 0-50 mA while keeping sputtering 

current of Au target constant at 50 mA under ambient light (a), and corresponding 

UV-vis absorption spectra of PEG NPs dispersions (b), and photograph of PEG-Au 

NPs dispersions obtained by sputtering Au target onto PEG using sputtering current of 

50 mA, right after synthesis (left) and after keeping in the dark at room temperature 

for several weeks (right) (c). 
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Table S1. XPS data on the atomic percentage of Pt in the sputtered materials prepared 

by sputtering onto Si wafer for 30min under sputtering current of Pt target from 0 to 

50 mA while keeping sputtering current of Au target constant at 50 mA. 

Pt current / mA 0 10 20 30 40 50 

Pt at. %, XPS 0.0 3.5 9.8 18.2 27.3 

34.1 

(33.8*) 

*The Pt/Au atomic ratio of the sample generated by sputtering onto PEG at the 

sputtering current of Pt-50 mA/Au-50 mA was also checked by XPS. 

 

  

Figure S6. TEM images of PEG-NPs dispersion obtained by Ag-50 mA (a) and Pt-50 

mA/Ag-50 mA (b) sputtering onto PEG. 

 

  

Figure S7. TEM images of PEG-NPs dispersion obtained by Ag-50 mA/Au-50 mA (a) 

and Cu-50 mA/Au-50 mA (b) sputtering onto PEG. 
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Figure S8. TEM images of PEG-NPs dispersion generated by sputtering onto PEG 

under various sputtering current of Pt/Au target from 10 mA/10 mA (a), 20 mA/20 

mA (b), 30 mA/30 mA (c), and 40 mA/40 mA (d). 

 

   

Figure S9. Photograph of PEG-NPs dispersions obtained by sputtering onto PEG 

under various sputtering current of Pt/Au target from 10 mA/10 mA-50 mA/50 mA. 

under room light (left), and corresponding UV-Vis absorption spectra of PEG-NPs 

dispersions (right). 
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Table S2. Deposition amount of Pt/Au in PEG sputtered using different sputtering 

current and time. 

Sputtering current 

of Pt-Au (mA-mA) 
10-10 20-20 30-30 40-40 50-50 

Deposition amount 

for 3 min 

sputtering (mg) 

(Particle size (nm)) 

    
0.6 

(2.5±0.5) 

Deposition amount 

for 30 min 

sputtering (mg) 

(Particle size (nm)) 

0.5 

(2.8±0.5) 

1.5 

(2.9±0.5) 

2.6 

(2.9±0.5) 

4.1 

(2.9±0.5) 

5.6 

(2.9±0.5) 

Deposition amount 

for 60 min  

sputtering (mg) 

(Particle size (nm)) 

    
11.2 

(2.9±0.9) 

Deposition amount 

for 90 min 

sputtering (mg) 

(Particle size (nm)) 

    
16.8 

(3.7±1.5) 

Deposition amount 

for 240 min 

sputtering (mg) 

(Particle size (nm)) 

 
12.0 

(2.9±0.8) 
  

44.8 

(4.5±1.8) 
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Figure S10. TEM images of PEG-NPs dispersion produced by sputtering onto PEG 

for 4 h under sputtering current of Pt-20 mA/Au-20 mA (a), Pt-50 mA/Au-50 mA (b), 

and corresponding STEM image (c). 
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Figure S11. Final relaxed structure for PEG molecule adsorbed on Pt in Pt (111) 

surface (a), Pt in Pt/Au (111) surface (one Pt atom substituted by one Au atom in 

structure (a)) (b), Au in Pt/Au (111) surface (one Pt atom substituted by one Au atom 

in structure (a) (c), Au in Au (111) surface (d), Au in Pt/Au (111) surface (one Au 

atom substituted by one Pt atom in structure (d)) (e), and Pt in Pt/Au (111) surface 

(one Au atom substituted by one Pt atom in structure (d)) (f). 
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Figure S12. STEM images of Pt NPs obtained by sputtering onto TEM grid for 1s 

under various sputtering current of Pt target from 10 (a), 20 (b), 30 (c), 40 (d) and 50 

mA (e). 
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Figure S13. STEM images of NPs obtained by sputtering onto TEM grid for 1s under 

various sputtering current of Pt target from 0 (a), 10 (b), 20 (c), 30 (d), 40 (e) and 50 

mA (f) while keeping sputtering current of Au target constant at 20 mA. 
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Figure S14. STEM images of NPs obtained by sputtering onto TEM grid for 1s under 

various sputtering current of Pt target from 0 (a), 10 (b), 20 (c), 30 (d), 40 (e) and 50 

mA (f) while keeping sputtering current of Au target constant at 40 mA. 
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Figure S15. STEM images of NPs obtained by sputtering onto TEM grid for 1s under 

various sputtering current of Pt target from 0 (a), 10 (b), 20 (c), 30 (d), 40 (e) and 50 

mA (f) while keeping sputtering current of Au target constant at 50 mA.  
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Figure S16. TEM images of NPs obtained by sputtering onto TEM grid for 30 s under 

various sputtering current of Pt target from 0 (a), 10 (b), 20 (c), 30 (d), 40 (e) and 50 

mA (f) while keeping sputtering current of Au target constant at 50 mA. 
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Figure S17. Relation between particle size and sputtering current of Pt sputtered onto 

TEM grid under the 50 mA of Au for 1 s (black), 10 s (red), 20 s (blue) and 30 s 

(pink). 
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