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ABSTRACT 

Pt/Ag solid solution alloy nanoparticles (NPs) with mean size below 3 nm were 

obtained with composition in miscibility gap by co-sputtering onto liquid polyethylene 

glycol (PEG, M. W. = 600). Adjusting the sputtering currents from 10 to 50 mA did not 

influence the particle sizes obviously but caused a substantial difference in the 

composition and distributions of Pt/Ag NPs. This is different from sputtered Pt/Au NPs 

where particle size is correlated with composition. For a pair of sputtering currents, the 

formed Pt/Ag alloy NPs have a range of compositions. The normal distribution with Pt 

of 60.2 ± 16.2 at.% is observed for Pt/Ag sample with nominal Pt content of 55.9 at. % 

whereas Pt rich (85.1 ± 14.0 at.% Pt) and Ag rich (19.8 ± 12.2 at.% Pt) Pt/Ag samples 

with nominal Pt content of 90.9 and 11.9 at.% contain more pure Pt and pure Ag NPs, 

respectively. Different from NPs obtained in PEG, the sputtered NPs on TEM grids had 

more uniform composition for a longer sputtering time along with a significant increase 

of particle sizes. This reveals that PEG hindered the combination of NPs and clusters, 

resulting in small particle sizes even for long time sputtering and broader composition 

distributions. Thus, the samples obtained in PEG have the compositions mainly 

determined by the random atom combination in the vacuum chamber and possibly in 

initial landing of atom/clusters on the PEG surface.  

 

 

KEYWORDS. Pt/Ag, alloy nanoparticles, solid solution, sputtering onto liquid, liquid 

polymer, formation mechanism  
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Introduction 

Pt nanoparticles (NPs) have been used as active catalysts for various reactions.1-5 

However, the high cost of scarce Pt metal impedes their practical applications.6-11 To 

solve this problem, Pt has been made in alloy with cheaper metals, which can allow for 

attaining active catalysts at a lower cost.6,12 For example, Pt/Ag alloy NPs show better 

catalytic activity and catalyst durability compared with pure Pt NPs.13-15 This is because 

the alloying could modify the electronic structure of Pt and generate lattice distortion 

for improving the electrocatalytic performances.13-15 Pt and Ag form some intermetallic 

compounds and there are big miscibility gaps in the bulk phase diagram.16 The 

formation of alloy becomes more feasible in small NPs wherein the enhanced metal 

diffusion and mixing and higher thermodynamic stability can be achieved.17,18 Pt/Ag 

alloy NPs with various sizes and compositions have been reported by a reduction at 

elevated temperature or by electrochemistry.6,12,19-22 For example, P. Song et al. 

synthesized Pt/Ag alloy NPs of about 54 at. % Pt with variable sizes from 7.5 to 15 nm 

for catalytic electrooxidation of liquid fuels.6 They demonstrated the best 

electrocatalytic activities for Pt/Ag NPs of the smallest size.6 Z. Li et al. prepared Pt/Ag 

alloy NPs with 50 and 66 at. % of Pt and an average size of ~2.5 nm supported by 

graphene conductive networks for advanced oxygen reduction reaction 

electrocatalysts.12 However, at lower content of Pt, they obtained segregated Ag and 

Pt/Ag alloys.12 Therefore, synthesis of alloy Pt/Ag NPs of controlled size and 

composition is demanded. 

Sputtering is a conventional physical technique for the fabrication of thin films 
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or creation of NPs directly on solid substrates from the bulk target in vacuum and dry 

conditions.23,24 Non- or low volatile liquids as the substrates,25-35 e.g., silicone oils,25 

ionic liquids,26,27,30,31 and liquid polymers,28,32-35 have been used for obtaining NPs 

dispersed in liquids for a long time continuous sputtering. Compared with the traditional 

chemical reduction method, co-sputtering can simultaneously produce metal atoms and 

clusters of two or more metals for making alloy NPs at room temperature regardless of 

the difference in redox potentials of metals and without using toxic reductants.30-35 

Moreover, it is capable of varying the properties of NPs by varying the size, 

composition, composition distribution, and structures of NPs via adjusting the 

sputtering parameters such as the currents applied to the metal targets.30-35 Co-

sputtering onto liquid allows obtaining solid solution alloys of metal pairs that have 

miscibility gaps and/or form intermetallic compounds in phase diagram such as Au/Pd, 

Pt/Au, Au/Cu, and Cu/Pd.30-35 However, so far there has been no report on co-sputtering 

onto liquid at room temperature of Pt/Ag NPs below 3 nm, their fine structure, and 

whether solid solution alloy can be attained, especially for the composition in the 

miscibility gap. Further, the correlation of particle size and composition varied with the 

metal pairs, that is, the size-composition relation is not obvious in co-sputtered Au/Cu 

and Cu/Pd whereas highly correlated in Pt/Au NPs.33-35 This relation has not been 

addressed for co-sputtered Pt/Ag NPs. Therefore, we chose to synthesize Pt/Ag alloy 

NPs at room temperature by co-sputtering onto liquid polyethylene glycol (PEG), a 

biocompatible and cheap liquid, and investigate the fine structure and composition of 

the resulting NPs in the present study. The obtained Pt/Ag NPs were analyzed by UV-
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Vis, TEM, HR-TEM, STEM, EDS, and XRD. The results proved that Pt/Ag NPs have 

a solid solution structure. We found that the sputtering currents applied to the targets 

had little effect on the average sizes, but they could vary the particle compositions and 

had impacts on the composition distributions of the samples. Comparing the 

compositions and particle sizes of the NPs sputtered onto PEG and on TEM grids, we 

address the impact of the substrate in the formation and growth of particles. We found 

that in the presence of PEG, the composition could be determined by the random 

combination of metal atoms/clusters in the sputtering chamber with less change after 

the growth of NPs in PEG.  

 

Experimental section 

Materials 

PEG (M. W. = 600, Junsei, Japan), Pt target (99.99% in purity, 50 mm in diameter, 

Tanaka Precious Metals, Japan), Ag target (99.99% in purity, 50 mm in diameter, 

Tanaka), and TEM grids (Nisshin EM, Japan) were used. 

Synthesis of PtAg alloy nanoparticles 

The co-sputtering method has been reported elsewhere.32-35 In the present study, PEG 

was stirred (650 rpm) under vacuum in the flask in an oil bath at 90 °C for at least 2 h 

to remove water and gases. Then 10 mL of PEG was added into a Petri dish with a 

diameter of 60 mm which was located horizontally in the center of a magnetron 

sputtering vacuum chamber, a stirrer was put under the PEG surface. PEG was under 

stirring at 80 rpm during sputtering. Pt and Ag targets were used in this co-sputtering 
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technique, and elemental ratios of the formed Pt/Ag NPs were controlled by adjusting 

the sputtering current applied to each sputtering target (10~50 mA). PEG, carbon-

coated Cu transmission electron microscopy (TEM) grids, and glass slides were used 

as the substrate for sputtering experiments. When a TEM grid was used as the substrate, 

it was placed at the center of the Petri dish. The center of the surface of PEG and TEM 

grids was located at a distance of 110 mm from the two metal targets. Similarly, glass 

slides were located at the center position of the Petri dish. After several times of vacuum 

and gas exchanging with inert Ar to remove O2, the pressure of the vacuum chamber 

was kept constant at 2 Pa. Cooling ethanol of 0 °C was used for cooling the metal targets 

during sputtering. In all the sputtering experiments, before collect NPs, Pt and Ag 

targets were sputtered for 10 min to clean the target surface. During this period 

removable shutters located in front of metal targets and on top of the liquid polymer 

were used to prevent the contamination from falling onto the liquid. Sputtering onto 

PEG was conducted for 30 min whereas sputtering onto the TEM grids was conducted 

for 1 s to 2 min with the TEM grids. The applied sputtering current was varied from 10 

to 50 mA for two metal targets and the total mass of Pt/Ag in PEG was 0.85 – 2.24 mg 

(Table 1). The sputtering system was equipped with a thermocouple and a temperature-

controlled system to keep the substrate temperature at 30 °C. 

Characterization 

UV-Vis spectra were collected immediately after sputtering deposition by JASCO V-

630 spectrophotometer using a quartz cuvette with an optical path of 1 mm. All spectra 

were baseline corrected using an empty quartz cuvette. The size and shape of the NPs 
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were obtained from TEM (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 kV. Samples for TEM, HR-TEM, and STEM analysis were prepared 

by dipping a grid into PEG dispersion for about 10 s, then immediately dipping into 

ethanol for at least 20 min to remove the excess amount of PEG, and finally drying in 

the air at room temperature for a few minutes. Size and size distributions were collected 

from TEM, HR-TEM, and STEM images by measuring approximately 150 particles in 

at least three different regions of the grid using ImageJ software. The structure of NPs 

was evaluated using high-angle annular dark-field (HAADF)-STEM and X-ray 

diffraction (XRD, Rigaku Mini Flex II, Cu Kα radiation, λ = 1.5418 Å, scanning speed 

of 0.5 °/min). XRD samples were prepared by addition of excess acetone into PEG-NPs 

dispersion then centrifuged multiple times at 10000 rpm for 10 min each time for 

isolating Pt/Ag NPs from PEG. The purified Pt/Ag sample precipitate in acetone after 

a day. 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 (JEOL JEM-ARM200F) was carried out to verify the 

existence of Pt/Ag alloy NPs and their composition. An X-ray photoelectron 

spectroscope (XPS, JEOL, JPS-9200, Al Kα source) was used to collect XPS spectra of 

NPs sputtered onto PEG for 30 min and on Si wafer for 10 s. Graphite was added to 

PEG dispersion to collect NPs, then the dispersion was centrifuged and washed with 

acetone several times to separate and purify the Pt/Ag NPs from PEG. The C 1s of 

graphite at 284.2 eV was used for charge correction. For samples sputtered on Si wafer, 
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Si 2p at 99.2 eV was used for charge correction. Energy pass of 20 eV and 10 eV was 

used for collecting XPS spectra of samples in PEG and on Si wafer. A higher energy 

pass was used for the sample sputtered onto PEG because at low energy pass the 

intensity is insufficient to be distinguished from the background.    
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Results and discussion 

To distinguish the samples synthesized with different currents applied to the Pt and Ag 

targets, the samples are labeled with the metals and corresponding applied sputtering 

currents. For example, the sample Pt50Ag50 represents a sample synthesized by co-

sputtering with the currents of 50 mA for Pt and Ag targets. 

 

TEM images and UV-Vis spectra of Pt/Ag NPs 

 

Figure 1. TEM images of Ag, Pt, and co-sputtered Pt/Ag samples. The scale bar in 

white is 20 nm. The average particle sizes are shown in the images. 

 

Figure 1 shows the bright-field TEM images of Pt NPs, Ag NPs, and the co-sputtered 

Pt/Ag alloy NPs. The size distributions of samples Pt50Ag(10~50) and Pt(10~50)Ag50 
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are shown in Figures S1 and S2, respectively. The results were obtained by measuring 

the diameters of nearly spherical NPs. Ag50 contained big Ag NPs (inset of Figure 1) 

and small Ag NPs of 2.8 ± 0.7 nm. Pt10 and Pt50 had average particle diameters of 1.3 

± 0.3, 1.6 ± 0.3 nm, respectively. The average sizes of Pt50Ag(10~50) samples 

increased from 1.6 ± 0.3 to 1.8 ± 0.3 nm as the sputtering current of Ag increased from 

10 to 50 mA and that of Pt constant at 50 mA. The Pt(10~50)Ag50 samples with an 

average size of 1.8 ± 0.3, 1.8 ± 0.4, and 1.8 ± 0.6 nm were obtained when the sputtering 

current for Pt is 10, 40, and 50 mA, respectively. The broader size distribution was 

observed when using a low sputtering current for Pt, i.e., 10 mA (Figure S2), and some 

big particles were observed in the sample. The mean size of Ag/Pt NPs slightly 

increased to 2.0 ± 0.3 and 2.1 ± 0.4 nm for Pt20Ag50 and Pt30Ag50 samples, 

respectively. This result indicated that the currents applied to the metal targets in the 

range of 10-50 mA did not have a significant impact on the particle sizes of the samples 

and a sample of a higher content of Ag generally has a slightly bigger particle size. 

Overall, the particle sizes of Pt/Ag alloy NPs are smaller than that of pure Ag NPs. This 

is similar to the results observed in co-sputtered Pt/Au and Au/Cu NPs into PEG in 

which the alloy NPs have a size in between that of the monometallic NPs.33,34 However, 

different from Pt/Au alloy NPs with a strong correlation of size and composition 

(regulated by sputtering current),34 such correlation is not obvious in Pt/Ag NPs. This 

is similar to co-sputtered Au/Cu NPs in PEG.33 
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Figure 2. UV-Vis spectra of the Pt/Ag alloy NPs synthesized under different sputtering 

currents: (a) 50 mA for Pt and 0~50 mA for Ag target; (b) 0~50 mA for Pt and 50 mA 

for Ag target. UV-Vis spectrum of Pt NPs sputtered at 10 mA is shown in Figure 2a 

and its inset shows the magnified spectrum with the horizontal axis from 200 to 400 

nm. 

 

After sputtering, the samples (Figure S3) were collected and analyzed with UV-Vis. 

Figure 2a shows the UV-Vis spectra of the samples Pt50Ag50, Pt50Ag40, Pt50Ag30, 

Pt50Ag20, Pt50Ag10, and Pt50. There was an absorption shoulder at around 280 nm in 

these samples, which indicated the presence of Pt in the PEG dispersion. The intensity 

of this shoulder for Pt/Ag samples sputtered using the applied current to Pt target of 50 

mA and Pt50 sample did not vary significantly because it was related to the 

concentration of Pt. It could be seen that sample Pt10 (inset of Figure 2a) had a similar 
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absorption shoulder with lower intensity compared with sample Pt50. This is because 

the lower sputtering current for Pt target produced the more dilute Pt/PEG dispersion. 

There was no localized surface plasmon resonance (LSPR) of pure Ag NPs in all of 

these co-sputtering samples Pt50Ag(10~50). Further, the absorption intensity above 

350 nm of these samples increased with the increase of the applied current for Ag 

thereby increase of Ag content in the Pt/Ag NPs. These results indicated a possible alloy 

formation between Pt and Ag.  

For the samples Pt(0~50)Ag50, the UV-Vis spectra (Figure 2b) also showed the 

broad absorption shoulder around 280 nm associated with the presence of Pt in the 

samples. Overall in low wavelength region (below 400 nm) the absorption intensity 

increased as the applied current of Pt increased. This demonstrated the correlation 

between the concentration of Pt and the intensity of the absorption shoulder at 280 nm. 

Further, the spectra of Ag50 and Pt10Ag50 showed an LSPR peak at around 400 nm, 

which is the typical characteristic of Ag NPs. And there is also an absorption peak at 

around 600 nm in the spectrum of Ag50 owing to the existence of some aggregation 

and/or agglomeration in the sample. This result is consistent with TEM results and 

suggests that PEG stabilizes Pt better than Ag and Ag-rich Pt/Ag NPs. This absorbance 

decreased with increasing the applied currents to Pt from 0 to 20 mA, indicating that 

alloying Pt and Ag suppressed the formation of pure Ag NPs and the agglomeration. 

Further increasing the sputtering currents applied to Pt from 20 to 50 mA, the absorption 

peak at 400 nm belongs to pure Ag NPs disappeared. Thus, the UV-Vis results obtained 

by varying the sputtering currents of Ag and Pt suggested the formation of Pt/Ag alloys 
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in the co-sputtered samples. To confirm the formation of solid solution alloy in Pt/Ag 

NPs, we further analyzed the structure and composition of samples with XRD, HAADF 

images, STEM-EDX mappings, and XPS. 

 

Crystal structures of Pt/Ag NPs 

To analyze the structure of the co-sputtered Pt/Ag alloy NPs, the NPs synthesized by 

double head sputtering onto PEG were separated from PEG and their XRD patterns 

were collected. The XRD results are shown in Figure 3a. The diffraction peaks of 

samples Pt50Ag50 and Pt10Ag50 were located between the peaks of Pt and Ag 

reference. The (111) peak position of Pt50Ag50 (2θ = 39.4°) was closer to that of 

reference Pt (2θ = 39.8°) and farther to that of reference Ag (2θ = 38.1°) when compared 

to that of Pt10Ag50 (2θ = 38.1°). This indicated sample Pt50Ag50 had a higher 

composition of Pt compared with the sample Pt10Ag50. Further, the (111) peak of 

Pt50Ag50 was symmetric whereas that of Pt10Ag50 was somehow as-symmetric with 

more broadening to the right. This indicates that in the sample Pt10Ag50, Pt/Ag grains 

with the sharp feature may contain slightly more Ag compared to the sample with 

smaller grain sizes, which we will confirm later with STEM-EDS mapping (Figure S4). 

The average grain size estimated from line broadening of (111) XRD peak using 

Scherrer equation resulted in a size of 4 and 15 nm for Pt50Ag50 and Pt50Ag10 NPs, 

respectively. The large grain size found in Pt50Ag10 is understandable as larger crystals 

even in a smaller population can contribute more significant signals compared with the 

small ones. We observed that Pt10Ag50 and Pt50Ag50 NPs could be separated from 
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PEG by centrifugation. However, this method was not sufficient to obtain the precipitate 

of Pt50Ag10 NPs. This is consistent with the TEM results that this sample had the 

smallest size (1.6 ± 0.3 nm) among all co-sputtered Pt/Ag samples (Figure 1). Besides, 

Pt50Ag10 sample with the highest content of Pt in Pt/Ag alloy NPs and small sizes can 

be stable enough in PEG, which was similar to our previous observation for sputtered 

Pt and Pt-rich Pt/Au NPs.34 In an attempt to collect the Pt50Ag10 NPs, we added some 

fume SiO2 into the PEG dispersion containing Pt50Ag10 NPs first to adsorb Pt/Ag NPs 

before using the centrifugation to separate NPs/SiO2 from PEG. Unfortunately, there 

was no peak detectable in Pt50Ag10. Judging from the results, we think that the amount 

of Pt50Ag10 NPs separated from PEG was too small and/or their crystallinity was not 

good.  
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Figure 3. (a) XRD patterns of Pt50Ag10, Pt50Ag50, and Pt10Ag50 deposited in PEG. 

(b) XRD patterns of Pt50Ag10, Pt50Ag50, and Pt10Ag50 sputtered on glass for 2-5 

min. Stick patterns are characteristic diffraction peaks from (111) and (200) planes of 

reference Pt (JCPDS No. 00-004-0802) and Ag (JCPDS No. 01-087-0597). (c) Relation 

between lattice parameter estimated from XRD peak positions of (111) planes and 
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atomic compositions of Pt in Pt/Ag. The compositions of Pt/Ag in PEG and on glass 

were measured with STEM-EDS and mass measurement (Table 1), respectively. Error 

bars are standard devidations of the compositions measured by STEM-EDS for Pt/Ag 

obtained in PEG. The lattice parameters of Ag and Pt from the above XRD reference in 

Figures 3a and b were used. The black, dashed line connecting Ag and Pt shows the 

ideal relation for Pt/Ag alloys which follows Vegard’s law.  

 

Consequently, the experiments of co-sputtering of Pt and Ag directly on glass 

slides for different sputtering currents and times were carried out to get more insight 

(Figures 3b and S5). Figure 3b shows that the (111) peak positions of Pt10Ag50, 

Pt50Ag50, and Pt50Ag10 samples that sputtered on glass slides for 5 min were 38.21, 

39.01, and 39.67°, respectively. The peaks were between (111) peaks of the reference 

Ag and Pt. Further, there was a clear trend in the peak positions among 3 samples, that 

is the (111) peak shifts in the direction from Ag towards Pt with increasing Pt content 

by varying the sputtering currents applied to Pt and Ag targets. The lattice parameters 

obtained from the (111) XRD peak positions of the samples sputtered on glass showed 

a linear relationship with the sample composition (Figure 3c). This followed Vegard’s 

law36 and indicated the formation of solid solution alloys of Pt/Ag on glass. The results 

for Pt/Ag NPs sputtered onto PEG show certain deviations from the ideal relation. This 

indicated that (i) some sputtered NPs with different compositions may remain in PEG 

and not able to be separated for XRD analysis, (ii) formation of the crystal structure is 

incomplete, and/or (iii) the measured composition distributed in a large range.            
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We also observed that varying the sputtering times onto glass substrate from 2 

min to 30 min did not change the peak position for sample Ag50Pt50 (Figure S5). 

However, the smallest time of sputtering for the Bragg diffraction peaks appearing in 

the XRD pattern was different depending on the samples. For example, when the 

sputtering time on glass was 2 min, fairly weak (111) diffraction peak of Pt50Ag10 

(Figure S6) and clear (111) peak of Pt50Ag50 sample (Figure 3b) were detected 

whereas no peak was observed for Pt10Ag50 (Figure S6). It required 5 min sputtering 

to observe weak signals of typical diffraction peak in the sample Pt10Ag50 (Figure 3b). 

The possible reason could relate to the amount and crystallinity of Pt/Ag NPs. Higher 

sputtering currents and time resulted in more metal atoms in the sputtering chamber, 

thus leading to a higher amount of NPs and possibly the formation of larger grain size, 

for which the XRD signals of Pt/Ag crystals were more significant. On this basis, for 

the same sputtering time, Pt50Ag50 had the largest amount of atoms and thus, it had 

the most profound peaks among 3 samples. The sputtering rate of Pt is slightly higher 

than that of Ag (Table S1) and it took a shorter time of sputtering for Pt50Ag10 

compared with Pt10Ag50 for the clear appearance of XRD peaks.  
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Figure 4. HAADF images of (a) Pt50Ag10, (b) Pt50Ag50 and (c) Pt10Ag50 samples 

obtained in PEG. The lattice spacings are shown in the pictures. Lattice parameter 

distributions of (d) Pt50Ag10, (e) Pt50Ag50 and (f) Pt10Ag50. Solid and dashed lines 

represent the lattice parameters of (111) and (200) planes, respectively, of Pt (in red) 

and Ag (in blue). The numbers of the particles measured are 24, 55, and 23 for samples 

Pt50Ag10, Pt50Ag50, and Pt10Ag50, respectively. 
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Figures 4a-4c present the STEM-HAADF images of co-sputtered Pt/Ag alloy NPs 

with clear lattice fringes. The lattice spacings of samples Pt50Ag10 Pt50Ag50, and 

Pt10Ag50 were measured to be 2.29 Å, 2.34 Å, and 2.37 Å, respectively. The lattice 

spacing of (111) plane in reference Pt (JCPDS No. 00-004-0802) and Ag (JCPDS No. 

01-087-0597) are 2.26 Å and 2.36 Å, respectively. The lattice spacing of Pt10Ag50 was 

slightly larger than that of Pt50Ag50 and Pt50Ag10, which was caused by a larger 

content of Ag in Pt10Ag50, and the lattice spacing of reference Ag is bigger than that 

of Pt. It was noticed that the lattice spacing of Pt10Ag50 (2.37 Å) was a little bit larger 

than that of reference Ag (2.36 Å), this could be caused by the small sizes and thus, 

swelling of the crystal structure. The statistical analysis of the lattice spacings using 

HAADF images (Figures 4d-4f) of three samples, Pt50Ag10, Pt50Ag50 and Pt10Ag50, 

consistently showed the lattice spacing distributions and the peaks of this distribution 

varied with the sample compositions wherein sample with more Pt had the peak of (111) 

lattice spacings closer to pure Pt. Further, the higher composition of Ag in Pt/Ag 

samples likely caused an increase in the fraction of NPs with larger lattice spacings 

compared with that of (111) plane in pure Ag as observed in HAADF images. The exact 

reason is not clear, but, this can associate with the expansion in crystal structures of Ag 

rich Pt/Ag NPs under STEM observation. 

Discussion in solid solution and intermetallic compound structure of Pt/Ag 

NPs. Three intermetallic compounds16 with Pt at. % of 45 (Ag55Pt45), 50 (AgPt), and 

75 (AgPt3) and only intermetallic compound37 of Ag15Pt17 (53 at. % Pt) are shown in 

the phase diagram given by Karakaya et al16 and Okamoto,37 respectively. These 
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intermetallic compounds are at 400 °C or more. Experimental data for the annealed 

samples at high temperature 750 °C for 80 days by Hart et al.38 supports the existence 

of the ordered L11 structure at about 50 at. % Pt. The calculated structures of bimetallic 

Pt-Ag (including un-stable phases) suggest AgPt trigonal, AgPt hexagonal, AgPt3 cubic, 

Ag3Pt cubic, and AgPt4 trigonal structure.39 Two un-stable phases (cubic AgPt3 and 

Ag3Pt) can decompose as: AgPt3 ↔AgPt4 + AgPt and Ag3Pt ↔Ag + AgPt.  

Our XRD results indicate the co-sputtered Ag/Pt NPs have a cubic structure, thus, 

we exclude the existence of trigonal, hexagonal intermetallic compounds. Pt50Ag50 NPs 

have a composition of 60.2 ± 16.2 at % Pt (Table 1). The composition range locates in 

the miscibility gap in the above phase diagrams and possibly contains cubic AgPt3 (75 

at. % Pt) and L11 AgPt (50 at. % Pt) compounds. However, no obvious peak separation 

or as-symmetry in the XRD pattern of Ag50Pt50 (Figure 3), suggesting that the XRD 

peaks do not comprise two intermetallic compounds.  

If L11 ordered AgPt NPs (50 at. % Pt) are the majority of Ag50Pt50 sample, 13 % 

of NPs can have the right orientation with the zone axis parallel to (111) plane to be 

observed with the ordered L11 structure (assuming the random orientation of NPs on 

the grid for STEM).40 We analyzed the STEM-HAADF images of Pt50Ag50 NPs (>200 

particles) with many NPs align in the zone axis along (111) planes. However, the 

arrangement of the ordered L11 structure with alternating dark and brighter contrast for 

Ag and Pt (111) was not found. The uniform and random contrast of the atom columns 

belong to (111) planes in NPs was observed (an example is shown in Figure 5). This 
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indicates the disordered solid solution structure with mixed Pt and Ag in each atom 

column of (111) planes.  

Besides, annealing at high temperatures is often necessary to form the intermetallic 

compounds (ordered structures). Torimoto reported the conversion of the sputtered fcc-

solid solution alloy AuCu NPs to the ordered L10 intermetallic compound by annealing  

(> 150 °C).41 Peng et al. reported that chemically synthesized Pt/Ag NPs at 260 °C for 

1 h are solid solution alloy for Pt of 20-80 at. %.42 This suggests that 260 °C and 1 h 

reaction is insufficient to form the intermetallics. Under simultaneously atomic 

condensation of Ag and Pt sources in an ultra-high vacuum chamber, Pirat et al. 

observed fcc disordered Ag/Pt alloy NPs (50 at. % Pt).40 After annealing at 400 °C, they 

observed the ordered L11 Ag/Pt intermetallic NPs.40 However, no annealing was 

conducted for our samples and this fact must be taken into account when considering 

the crystal structure of Pt/Ag. Hence, based on the results of XRD, the relation of lattice-

parameter and composition among samples of different Pt at %, d-spacings, and 

intensity profile we assign the obtained structure in our co-sputtered Ag/Pt NPs as solid 

solution alloy. Though we could not prove that there is completely no intermetallic 

compound, we are confident that the disordered solid solution alloy NPs are the 

majority under our synthesis conditions.  
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Figure 5. (a) HAADF image of Pt50Ag50 NPs sputtered onto PEG with particles 

showing (111) planes parallel to the zone axis. (b,c) Intensity profiles for atom columns 

of (111) planes in the red lines 1 and 2 in (a), respectively. (b) Uniform and (c) random 

intensity contrast show the mixed Pt and Ag in each atom column of the (111) planes. 

 

XPS analysis of Pt/Ag NPs 
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Figure 6 shows XPS narrow scans of Pt 4f and Ag 3d of Pt50Pt50 sputtered onto PEG. 

Two components, namely, Pt-1 at 71.29 (4f7/2), 74.59 eV (4f5/2) and Pt-2 at 73.01 (4f7/2) 

and 76.31 eV (4f5/2) can be used to fit Pt 4f spectrum. The spin-orbit splitting of both 

components (3.3 eV) is the same as the reference for Pt.43 However, the binding energy 

of Pt 4f of Pt-1 is close to whereas that of Pt-2 is 2.2 eV larger than the reference value 

(70.9 eV for Pt 4f7/2).43 Ag 3d spectrum can be deconvoluted using 4 components, that 

is, Ag-1 at 367.36 (3df5/2) and 373.35 eV (3df3/2), Ag-2 at 368.27 (3df5/2) and 373.97 eV 

(3df3/2), and 2 plasmon loss feature peak at 371.41 and 372.25 eV. The spin orbit-

splitting of Ag-1 and Ag-2 component in Ag 3d spectrum is of 5.97 and 5.70 eV, 

respectively, which is lower than the reference value for Ag metal (6 eV).43 The 

shoulder around 370 eV in Ag 3d is not completely fitted. Fitting Ag 3d5/2 and 3d3/2 with 

two curves still leaves a part of the shoulder unfitted and results in 3d5/2 and 3d3/2 with 

different FWHM (Figure S7). Possibly, a non-uniform charging effect occurred or a 

higher signal to noise ratio and higher intensity is required to distinguish the signal from 

noise. Ag-2 component has binding energy similar to metallic Ag whereas Ag-1 is 

closed to Ag oxide (note that binding energy of Ag0 is higher than Ag oxide).43 From 

the Ag 3d and Pt 4f narrow scans, the sample can contain Pt/Ag metal (Pt-1 and Ag-2) 

and partially oxidized Pt-Ag (Pt-2 and Ag-1). However, we cannot exclude the 

possibility of the size effect in the energy shift of Pt-2 and Ag-1.  
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Figure 6. XPS spectra of Pt50Ag50 sputtered onto PEG for 30 min: (a) Pt 4f, (b) Ag 

3d. 

 

Figure 7. Narrow scan XPS spectra of Pt 4f and Ag 3d of the Pt50Ag10, Pt50Ag50, 

Pt10Ag50, Pt50, and Ag50 NPs sputtered on silicon wafers for 10 s. The dashed lines 

mark the peaks for the samples of Pt50 and Ag50 NPs. 
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Figure 8. The correlation of the binding energy shift of Pt 4f7/2 and Ag 3d5/2 peaks and 

Pt atomic composition in Pt/Ag, Pt, and Ag NPs sputtered on Si for 10 s. The shift was 

obtained by subtracting the binding energy of Pt 4f7/2 and Ag 3d5/2 of NPs to the 

reference value of metallic Pt 4f7/2 (70.9 eV) and Ag 3d5/2 (368.2 eV), respectively. The 

composition was estimated using XPS analysis. 

 

It is difficult to judge the alloying formation for NPs in PEG with confidence based 

on XPS. This is because the intensity is low (count < 50), high pass energy of 20 eV 

was required to increase the intensity (this lowers the spectrum resolution), the effect 

of Ar etching to remove PEG on the particle surface (e.g., oxidation), and possible 
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interference of the non-uniform charging effect after Ar etching (Figures 6 and S7). 

Thus, we also collected XPS spectra for Pt/Ag, Pt, and Ag NPs sputtered on Si wafer 

for 10 s with high energy resolution (pass energy of 10 eV) and sufficient intensity 

(more than 40 times higher than the samples obtained in PEG) as shown in Figure 7. 10 

s sputtering allows to obtain separated NPs with size between 1.6 ± 0.3 (5 s sputtering) 

and 2.6 ± 0.3 nm (20 s sputtering) (Figure S18). This size range covers the size of NPs 

obtained in PEG. The spin-orbit splittings of Pt 4f and Ag 3d are the same as the 

reference for Pt and Ag, respectively. The binding energies of Pt 4f and Ag 3d peaks are 

given in Table S2. Figure 8 shows that for an increase of Pt at. % in NPs, the binding 

energy shift of Pt 4f7/2 is more positive compared with the bulk reference Pt whereas 

the shift of Ag 4d5/2 is more negative compared with the bulk reference Ag (Ag is more 

oxidized). This can be caused by the dilution of Pt by alloying with Ag in small NPs 

and the charge transfer from Ag to Pt.44,45 Both of the effects indicate the alloying 

between Ag and Pt. The composition estimated from XPS quantitative analysis is given 

in Table 1, which is close to the nominal composition by mass measurement.  

Composition Distribution of Pt/Ag NPs 

 

To analyze the composition of the samples, the STEM-EDX mapping was carried out. 

Figure 9 is the STEM-EDX mapping images of the Pt50Ag50 obtained in PEG. The 

presence of Pt and Ag in the same position was observed for all single NPs in Figure 9, 

indicating the formation of Pt/Ag alloy NPs. The EDS spectrum for the map area of a 

single particle (Figure S8) shows the signal of Pt and Ag is low but distinguishable from 

the background. The elemental line profile of several single NPs (Figure S9) shows the 
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Pt and Ag at the same regions. However, the count number in the line profile is also low, 

which can be insufficient to assess the elemental ratio for some positions in the particle 

with high confidence. This is because the NPs are small and they moved or were 

damaged so we could not have a long time scan to increase the count numbers. The 

STEM-EDX mapping images of Pt50Ag10 and Pt10Ag50 are shown in Figures S10 

and S4, respectively. Aside from Pt/Ag alloy, pure Pt NPs and some pure Ag NPs were 

observed in Pt50Ag10 and Pt10Ag50 samples, respectively.  

 

 

Figure 9. (a) HAADF image and (b-d) STEM-EDS mapping images of Pt50Ag50 NPs: 

(b) Pt M, (c) Ag L, and (d) overlapping image of Pt and Ag. 
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Based on EDX mapping results, the composition distributions in Pt/Ag NPs for 3 

samples sputtered onto PEG and on TEM grids are plotted in Figure 10 wherein the 

horizontal axis is the atomic composition of Pt over the total amount of Pt and Ag and 

the vertical axis shows the population of the composition detected in the samples.  

 

Figure 10. Composition distributions of sample Pt50Ag10, Pt50Ag50, and Pt10Ag50 

sputtered onto PEG (a, c, e) and on TEM grids for 5 s (b, d, f). The numbers of the NPs 

measured with STEM-EDX for plotting in Figures 10a-10f are 45, 31, 117, 49, 28, and 

26, respectively.  
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For the samples sputtered onto PEG, the result showed that Pt50Ag10 contained 

Pt/Ag NPs with Pt of more than 50 at. % and a large number of pure Pt NPs, Pt10Ag50 

contained Pt/Ag NPs with Pt less than 60 at. % and a small number of pure Ag NPs 

whereas the composition of Pt in Pt50Ag50 ranged from 10 to 100 at. % in standard 

Gaussian distribution without pure Ag but with a small number of pure Pt NPs. The 

average values of Pt content in Pt50Ag10, Pt50Ag50, and Pt10Ag50 sputtered onto 

PEG were 85.1 ± 14.0, 60.2 ± 16.2, and 19.8 ± 12.2 at. %, respectively. This result 

revealed that a higher current of Pt leads to the higher content of Pt in Pt/Ag samples, 

which is consistent with the above XRD and HAADF results. Further, for each pair of 

sputtering currents, it was observed that the composition distributions of the samples 

sputtered onto PEG and on the TEM grid for 5 s shared a similar feature (the STEM-

EDX mappings of samples with 5 s sputtering on grids are in Figures S11-S13). Thus, 

it was suspected that the initial combination and nucleation in the vacuum and/or 

nucleation/growth on the PEG surface regulated the composition distributions. In 

particular, compositions of Pt50Ag10 and Pt10Ag50 were primarily determined by the 

element with a dominant population in the sputtering chamber via homogenous 

nucleation and growth by the collision of atoms/clusters from the same element. As a 

result, pure Pt and Ag were obtained in Pt50Ag10 and Pt10Ag50, respectively. When 

the amounts of the ejected Pt and Ag atoms are relatively sufficient and balanced to 

each other, as in Pt50Ag50, the atoms/clusters from different elements could combine 

more effectively at a higher probability during both nucleation and growth, thus, 
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decreasing the amount of pure Pt and Ag and increasing Pt/Ag alloy NPs.  

 

Table 1. Pt at % in Pt/Ag by mass measurement, EDS, and XPS analysis 

Sample Nominal Pt (at. %) by 
mass measurement* 

Pt (at. %) by 
STEM-EDS† 

Pt (at. %) 
by XPS‡ 

Mass of NPs  
(mg) *,ǁ 

Pt50Ag10 90.9 85.1 ± 14.0 87.9 1.65 
Pt50Ag50 55.9 60.2 ± 16.2 44.4 (43.5†) 2.24 
Pt10Ag50 11.9 19.8 ± 12.2 8.4 0.85 
*sputtered onto Al foil; †NPs sputtered onto PEG (30 min); ‡NPs sputtered on Si (10 s); ‖

estimated for 30 min sputtering 

Table 1 shows the nominal composition of Pt and Ag estimated from the weight of 

Pt and Ag sputtered on Al foils (Table S1). The Pt nominal compositions of Pt50Ag10, 

Pt50Ag50, and Pt10Ag50 are 90.9, 55.9, and 11.9 at. %, respectively. Sample Pt50Ag50 

sputtered in PEG had Pt content of 60.2 ± 16.2 at. %, close to the nominal composition 

(55.9 at. %), whereas bigger differences between the nominal and measured Pt at. % of 

Pt/Ag NPs in PEG were observed for samples Pt50Ag10 and Pt10Ag50. Especially, in 

Pt10Ag50 sputtered in PEG, agglomerates of Ag (Figure 2) further decreased the 

content of Ag in Pt/Ag alloy NPs and made the composition of Pt became higher than 

the nominal value. On the other hand, there may exist some pure and small Pt NPs 

and/or nanoclusters in sample Pt50Ag10 sputtered onto PEG of which the composition 

could not be measured accurately in STEM-EDS, leading to a lower composition of Pt 

in the alloy NPs compared to the nominal value. 

 

 

Relation of Composition Distribution, Particle Size, and Particle 

Formation in Pt/Ag NPs 
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Figure 11. Composition distributions of (a) Pt50Ag50 sputtered in PEG for 30 min and 

Pt50Ag50 sputtered on grid for (b) 1 s, (c) 5 s, (d) 20 s, (e) 30 s and (f) 2 min. 

 

 

 

To investigate the impact of PEG on the particle composition and growth as well as the 

impact of particle growth on the composition distribution, the composition and size 
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distribution of Pt50Ag50 NPs sputtered onto PEG were compared with that on TEM 

grids for different sputtering times (1 s -2 min) as shown in Figure 11. The compositions 

from STEM-EDS mappings (Figures S13-S17) were collected by measuring single 

particles or grains of about 2 nm (in the 30 s and 2 min sputtering). The composition 

distributions of the samples sputtered on the TEM grids became narrower along with 

the increase of the particle sizes for a longer sputtering time from 1.4 (1 s) to 2.6 nm 

(20 s) and bigger sizes with aggregation, necking (30 s), and connecting matrix (2 min 

sputtering) (Figure S18). This suggested that Pt atoms and Ag atoms randomly 

distributed and combined initially in a wide composition distribution and small particle 

size. On the solid substrate, these particles could not move. Thus, as sputtering time 

increased, the small NPs combined with more sputtered atoms. Consequently, the 

particle size became bigger and composition at one position (grain) became more 

uniform. It was observed that the sample Pt50Ag50 obtained in PEG had the 

composition distribution close to that obtained by sputtering on the TEM grid for 5 s 

and 20 s but broader than Pt50Ag50 sputtered on TEM grids for longer times (30 s, 2 

min). The particle size of the sample in PEG (1.8 ± 0.3 nm, Figure S1) was somehow 

larger than that of Pt/Ag NPs sputtered on TEM grid for 5 s (1.6 ± 0.3 nm) and much 

smaller than that on the TEM grids for 20 s (2.6 ± 0.3 nm) (Figure S18) or more. This 

result indicated that PEG could hinder the formed NPs from combining with other 

atoms/clusters and growing to bigger sizes, to some extent. Hence, PEG supported the 

formation and growth of NPs with more uniform sizes. The effect comes from the high 

viscosity of PEG and its binding to NPs via the terminal –OH group and O in -CH2-
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CH2-O- units as suggested by Hatakeyama et al.28 The -CH2-CH2- units of PEG can 

surroundadd a steric hindrance to NPs.28 We observed a bigger size and some 

agglomerations of Pt50Ag50 NPs sputtered in silicone oil (KF-96-100cs, Shin-Etsu) of 

similar viscosity with PEG but without –OH and -CH2-CH2-O- units to stabilize NPs 

(Figure S19). Further, the results of composition distribution and size are in good 

agreement with the above hypothesis that the composition distribution of this sample is 

regulated by the initial nucleation and growth of Pt/Ag clusters in the vacuum and/or 

PEG surface.  

 

Conclusion 

In this work, Pt/Ag alloy NPs were successfully synthesized by co-sputtering method 

and the alloy NPs were proved to be solid-solution of PtAg. The average sizes Pt/Ag 

samples had no obvious change with different sputtering currents in the range of 10-50 

mA. However, the sputtering currents could affect the peak positions in XRD results, 

which was mainly caused by the distribution of the alloy composition in the samples. 

By comparing the composition distributions and size distributions of the samples 

sputtered onto PEG and on glass, it is found that PEG could hinder the NPs from 

growing to larger sizes as well as agglomerating. However, this also contributed to the 

formation of the broader size distribution of Pt/Ag NPs formed in PEG compared with 

NPs and thin films formed on TEM solid substrates or glass. The relationship between 

the sputtering currents, thereby particle compositions, and the formation of the samples, 

can pave the way to a better understanding of the solid solution alloy formation via 
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sputtering technique onto liquid polymer. 
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