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Abstract  Several noble metal nanoparticles were prepared using simple chemical reduction of the corresponding metal 
salts with proper stabilizers and solvents. The formation process for metal nanoparticles was monitored by ultraviolet–visible 
absorption spectra. The morphology and particle size of the metal nanoparticles were characterized by transmission electron 
microscopy. Data and error analyses were practiced for the average particle size measurements.  
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1. Introduction 
Nanoscience deals with materials with nanometer scale, 

that is, approximately 1 to 100 nm. Properties of metal 
nanoparticles are different from those of bulk materials made 
from the same atoms. The experiments described are meant 
to be a resource that allows students with chemistry 
background to understand some of the foundations and 
exciting advances in the area of nanoscience. Applications of 
nanotechnology, which are already emerging, are highly 
interdisciplinary and include virtually many fields in 
engineering and the natural sciences. Therefore, this project 
also constitutes an effort to stimulate faculty collaboration in 
program and curriculum development. 

The work presented here aims at the development of an 
integrated research-education activity on noble metal 
nanoparticles. In recent years, there has been great interest 
and significant progress in the synthesis of various shapes 
and sizes of nanosized metal nanoparticles dispersed in 
solution. [1] Metal nanoparticles exhibit unique properties 
and potential applications in several areas such as catalysis, 
optoelectronics, microelectronics, magnetics and others, 
[2–8] which cannot be achieved by their bulk counterparts. 
For example, nanoscale gold metal particles often have 
reddish colors due to their absorption of light by their plasma 
(collective free-electron oscillations within the particles). [9] 
The reddish colors associated with small gold particles have  
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been known for centuries, for example, in aqueous 
suspensions used for medicinal purposes and in glass objects 
where the particles were used for pigmentation [9-12]. Silver 
nanoparticles often have yellowish colors and have also been 
used to color glass. [11, 12] Solution dispersible metal 
nanoparticles stabilized by polymers, surfactants, organic 
ligands, and polyoxometallates have been adopted as 
effective quasi-homogeneous catalysts for many catalytic 
reactions, such as hydrogenation of various unsaturated 
organic compounds, [13-15] reduction of carbon dioxide, 
[16] hydration of acrylonitrile to acrylamide, [17] Heck 
reaction, [18] coupling reactions, [19] and visible 
light-induced hydrogen evolution.[20] Therefore, noble 
metal nanoparticles become an active research subject in 
some important fields. 

Chemical reduction is an important reaction and is widely 
used for the preparation of the metals. In this laboratory 
experiment, chemical reduction is adopted to synthesize 
solution dispersible metal nanoparticles (colloidal 
nanoparticles). The goal of this experiment is to apply a 
reliable procedure for preparing noble metal nanoparticles to 
train and lead the undergraduate students understand and 
master the basic principles, the steps of chemical reduction, 
and the advanced knowledge in nanoscience. This 
experiment is suitable for undergraduate students in the 
study of general chemistry, inorganic chemistry, and 
physical chemistry. 

The determination of an optimal set of conditions for the 
synthesis of noble metal nanoparticles is described below. 
This easy and convenient method uses dilute aqueous 
solutions, can be done on the lab bench, and requires simple 
equipment such as a magnetic stirrer. The characterization of 
the noble metal nanoparticles by ultraviolet–visible 
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absorption spectrophotometer (UV-Vis absorption), X-Ray 
photoelectron spectroscope (XPS), and transmission electron 
microscope (TEM) benefits the students by exposing them to 
a few important instruments that often widely used in the 
future academic research or industrial work. 

2. Experiment Description 
2.1. Materials 

Poly (N-vinyl-2-pyrrolidone) (PVP, K-30), silver nitrate 
(AgNO3, 99.8%), Hexachloroplatinic acid (H2PtCl6·6H2O, 
98.5%), chloroauric acid (HAuCl4·3H2O, 99%) and 
ruthenium chloride hydrate (RuCl3·nH2O, Ru content would 
be determined through a literature method [21]) are 
commerical products purchased from Aldrich. Other 
reagents were of analytical grade and used without further 
purification. 

The water used for this experiment was Millipore grade 
(with >18.2 MΩ cm resistivity); however, good results were 
attainable with water purified by high-quality reverse 
osmosis. 

2.2. Instruments and Characterization 

UV-Vis absorption spectra were recorded on a Varian 
Cary 500 UV-Vis-NIR Spectrophotometer; 1 mL of the 
colloidal nanoparticle solution was diluted to 5 mL with 
distilled water before measurement. 

Transmission electron microscopy (TEM) photographs 
were taken by using a JEOL-2100 electron microscope. 
Specimens were prepared by placing a drop of the colloidal 
dispersion on a copper grid covered with a perforated carbon 
film and then evaporating the solvent. The particle diameters 
were measured from the enlarged TEM photographs. The 
particle size distribution histogram was obtained on the basis 
of the measurements of about 300–400 particles. 

X-Ray photoelectron spectroscopy (XPS) was obtained 

using an Axis Ultra spectrometer (Kratos, UK). A mono 
Al-Kα (1486.6 eV) X-ray source was used at a power of 225 
W (15 kV, 15 mA). To compensate for surface charge effects, 
binding energies were calibrated using C1s hydrocarbon peak 
at 284.8 eV. The samples were prepared by drying the 
colloidal nanoparticle dispersion via rotatory evaporation. 

3. Experimental Procedure 
3.1. Preparation of Colloidal Metal Nanoparticles 

3.1.1. Preparation of PVP–stabilized Pt Colloidal 
Nanoparticles 

3.1.1.1. Preparation of PVP–stabilized Pt Colloidal 
Nanoparticles by Conventional Heating Method 

In a 100 mL round-bottom flask, 1.00 ×10−4 mol H2PtCl6 
and 2.00 ×10−3 mol (as monomeric unit) PVP were dissolved 
in a mixture of 30 mL methanol and 30 mL water. The 
solution was heated up rapidly to ebullition and kept on 
refluxing under vigorous stirring. After the mixture was 
refluxed for about 25 min, the color of the solution changed 
from yellow to dark brown instantaneously. The metal 
colloids (PVP–Pt) were obtained by refluxing the solution 
for another 2.5 h.  

3.1.1.2. Preparation of PVP–stabilized Pt Colloidal 
Nanoparticles by Microvwave Irradiation 

The preparation was carried out in microwave oven. 0.4 g 
PVP, 1.00 ×10−5 mol metal precursor H2PtCl6 were dissolved 
in 20 mL water (PVP-stabilized Au or Ag colloidal 
nanoparticles were also prepared by using corresponding 
metal precursors, e.g. HAuCl4 or AgNO3, see supporting 
information). After microwave irradiation for 3 min, 
PVP-stabilized metal colloidal nanoparticles were obtained. 

 

Scheme 1.  Color changes of the reaction solution during the synthesis of PVP–2Pt/1Ru nanoparticles  
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Scheme 2.  Color changes of the reaction solution during the synthesis of PVP–1Pt/2Ru nanoparticles  

Table 1.  Formation of PVP–Pt/Ru colloidal nanoparticlesa 

No. Pt/Ru Color change Color changing 
time (min.)b 

Average 
diameter d (nm) 

Standard 
deviation σ 

(nm) 

Relative 
standard 

deviation (%) 
1 1/0 Dark red → Light yellow → Dark brown 11 3.1 0.44 14 
2 4/1 Dark red → Light yellow → Dark brown 10 2.5 0.38 15 
3 2/1 Dark red → Light yellow → Dark brown 12 2.8 0.37 13 

4 1/1 Dark red → Light yellow →Brown → Gray dark 
→ Dark brown 24 2.5 0.42 17 

5 1/2 Dark red → Light yellow →Brown→ Deep blue 
→ Dark brown 28 2.5 0.47 19 

6 1/4 Dark red → Light yellow →Brown → Deep blue 
→ Dark brown 37 2.3 0.47 20 

a The solvent (ethanol : water = 9:1 (v:v)) started refluxing after heating 5 min, the molar ratio of PVP to metal precursors was 20 : 1; 
b Color changing time: time counted from the beginning of the solution heated to the color of the solution changed to dark brown. 

3.1.2. Preparation of PVP–stabilized Pt/Ru Bimetallic 
Colloidal Nanoparticles 

PVP (0.146 g, 1.31 ×10−3 mol as monomeric unit), 
RuCl3·nH2O and H2PtCl6·6H2O with a total amount of 
6.55×10−5 mol were dissolved in a mixed solvent of water 
and ethanol (the volume ratio was 9:1) in a 100 mL 
round-bottomed flask to form a dark red homogeneous 
solution. The total volume of the solution was 56 mL. This 
solution was heated to ebullition and kept refluxing under 
vigorous stirring. A homogeneous dark brown solution of 
colloidal dispersion of PVP–Pt/Ru was obtained after 3 h. 

3.2. UV-Vis Spectra of Metal Colloidal Nanoparticles 

Several characterization methods were used to analysis the 
formation and the morphology of noble metal colloidal 
nanoparticles. The instructors can choose one or more 
methods depending on their availability and the related 
course materials. PVP–Pt/Ru colloidal nanoparticles were 
used as typical examples in this paper. 

The color change of these metal nanoparticles in the 
preparation process was observed. The solution of the 
corresponding metal salts was heated quickly to ebullition 
(normally in 5 min) and kept refluxing for 3 h. During the 
course of heating, we observed a successive color changes 
for the reaction solution; the final color of the solution of 

PVP–Pt/Ru colloidal nanoparticles was dark brown. The 
following color changes were observed in the cases of 
PVP–2Pt/1Ru (molar ratio of Pt:Ru = 2:1) and PVP–1Pt/2Ru 
(molar ratio of Pt:Ru = 1:2) nanoparticles (Schemes 1 and 2). 

Colloidal dispersion of metal particles has absorption 
bands in the wavelength of 200–600 nm. [22-24] This is due 
to the excitation of plasma resonances or interband 
transitions, a characteristic property of the metallic nature of 
the particles. The formation process for PVP–Pt/Ru 
synthesized in the alcohol-water system was monitored by 
UV–Vis spectrophotometer. Figure 1 shows the absorption 
spectra of a H2PtCl6-RuCl3 solution in ethanol-water system 
being heated at different time. Before heating, the solution 
had three absorption peaks, they were ascribed to Pt(IV) (260 
nm), and Ru(III) species (380 and 510 nm). [25] The peak at 
260 nm was no longer visible after 16 min heating, 
suggesting that all Pt(IV) ions were completely reduced. The 
absorption peak at 510 nm disappeared immediately after 
heating. However, the peak at 380 nm decreased slowly and 
gradually shifted to short wavelength, which is similar to the 
literature result [25]. It implied that the Ru(III) species was 
gradually reduced to the corresponding zero-valent metal 
during this reduction process [25, 26]. After about 60 min, 
the absorption peak at 380 nm completely disappeared, 
indicating that Ru(III) was completely reduced to Ru0. The 
spectrum of the fully reduced solution displayed strong 
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scattering absorption at wavelengths 200-600 nm, 
confirming the formation of PVP–Pt/Ru colloidal 
nanoparticles. 

 

Figure 1.  UV-Vis absorption spectra of the reduction of H2PtCl6 and 
RuCl3 in an ethanol-water system 

3.3. TEM Characterization of Metal Colloidal 
Nanoparticles 

The dependence of particle size and morphology on the 
molar ratio of Pt/Ru was examined by TEM. Table 1 lists the 
average diameters (d) and standard deviations (σ) of 
PVP–Pt/Ru colloids. A representative TEM photograph and 
the corresponding histogram are given in Figure 2. 
According to the molar ratios of Pt to Ru in the preparation, 
the obtained colloidal nanoparticles were named as 4Pt/1Ru, 
2Pt/1Ru, 1Pt/1Ru, 1Pt/2Ru, and 1Pt/4Ru. The particles had 
small sizes of 2.1 – 2.8 nm in average and no particle bigger 
than 4.5 nm was observed. Their standard deviations were 
0.35 – 0.47 nm. 

A high-resolution TEM (HRTEM) photograph is also 
given to verify the alloy nature of the particles (inset of 
Figure 2). It can be seen from these images that each particle 
is a single crystal with all the crystal lattices cross through 
the whole particle, indicating that the alloy form of Pt and Ru 
in the Pt/Ru particles, rather than an attached two parts in one 

particle. 

 

Figure 2.  TEM photograph (left) and the corresponding particle size 
distribution histogram (right) of PVP-Pt/Ru nanoparticles (inset: HRTEM 
photograph of a particle) 

XPS Characterization of Metal Colloidal Nanoparticles 
To confirm the formation of metallic nanoparticles, XPS 

was employed to determine the valence state of the obtained 
colloids. XPS data of 2Pt/1Ru and 1Pt/4Ru colloids (Nos. 3 
and 6 in Table 1) are given in Table 2, and XPS spectra of 
1Pt/4Ru colloids are also shown in Figure 3. The binding 
energies of Ru 3d5/2, Ru 3p3/2 and Pt4f7/2 in 2Pt/1Ru colloids 
were 279.9, 461.7 and 70.9 eV, respectively. The binding 
energies of Ru 3d5/2, Ru 3p3/2 and Pt 4f7/2 in 1Pt/4Ru colloids 
were found to be 280.0, 461.8 and 71.0 eV, respectively. 
They were concordant with those values for bulk Pt and Ru 
metals (Deshpande, et al. 1990; Yu, et al. 1998). This 
demonstrated that both metal salts (H2PtCl6·6H2O and 
RuCl3·nH2O) were reduced to zero-valence metallic Pt and 
Ru, respectively. 

Table 2.  XPS analysis of PVP-Pt/Ru colloidal nanoparticles 

Compound 
Binding Energya (eV) 

Ru 3d5/2 Ru 3p3/2 Pt 4f7/2 
PVP–2Pt/1Ru 279.9 461.7 70.9 
PVP–1Pt/4Ru 280.0 461.8 71.0 

Ru(metal)b 280.0   
Pt(metal)b   70.9 

a The Binding energy values were referred to C1s (284.8 eV) 
b From Refs.[32-35] 

 

Figure 3.  XPS spectra of PVP-1Pt/4Ru: a) Ru3d5/2 and Ru3d3/2, b) Ru3p3/2 and Ru3p1/2, c) Pt4f7/2 and Pt4f5/2 
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4. Application of the Obtained Metal 
Nanoparticles 

These metal nanoparticles can be further used as 
nanocatalysts for converting organic environmental 
pollutants [31-33] or synthesizing organic intermediates [14, 
34-36]. These catalytic experiments are performed at room 
temperature and atmospheric pressure, making them suitable 
for physical chemistry and materials chemistry laboratories.  
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