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Abstract. We report a new synthesis method to obtain palladium nano-crystals by sol-gel 
polymerized with acrylamide. From thermogravimetric analysis (TGA) studies, we found PdO and 
Pd compounds in the xerogel sample, at 550 ºC, and over 900 ºC we detected only metallic Pd. 
These results were corroborated by powder X-Ray Diffraction (XRD), High Resolution Scanning 
Electron Microscopy (HRSEM), and Transmission Electron Microscopy (TEM). XRD studies 
exhibit the lines from the tetragonal structure (PDF 41-1107) of PdO compound and from the cubic 
structure (PDF 46-1043) of Pd metallic. HRSEM micrographs show morphologies from the sample 
very sensitive to heat treatment. Finally, TEM images show crystals of ~8 nm in diameter.  

Introduction 

Recently, considerable attention has been paid to the nano-sized metal colloids and clusters due to 
their unique properties and potential applications in several areas such as catalysis, optoelectronics, 
microelectronics, magnetic materials and others [1–7]. The catalytic activity and selectivity, as well 
as electrical, thermo-dynamical and chemical properties of the nano-crystals are strongly dependent 
on its nano-size [8]. Therefore, development of synthesis methods of nano-size control has been 
created such as hydrothermal [9], coprecipitation [10], microemulsion [11-15], nano-crystals 
stabilized in micelles [16], sputtering [17], gas-evaporation [18,19] and specially sol– gel method 
proposed in this work [20]. For example, to synthesize palladium nano-crystals is very important, 
because they can be used as primary catalyst for many organic reactions, such as C–C coupling of 
Heck, Suzuki, and hydrogenation of alkenes and allylamines [21-26], etc. For this purpose, the ultra 
fine crystals have to be as small as possible presenting more accessible surface. Furthermore 
Palladium oxide (PdO) is an important platinum group metal oxide, which supported or modified 
PdO has been used as a catalyst in catalytic combustion of natural gas (methane) or as a liquid-
phase oxidation of alcohols with oxygen in recent years [26-29]. 

Nowadays, control of crystal size and its dispersion is one of the main goals of nano-crystals 
preparation technology. That is the reason why the aim of this work is to produce nano-sized 
palladium crystals using a new modified polyacrylamide sol-gel method with microwave 
irradiation. 

Although some chemical approaches are available for the preparation of Pd nano-crystals, and 
due to few reports on size-controlling synthesis of Pd nano-crystals have been published, it is 
required to develop a convenient method to generate nano-crystals with controlled sizes. 
Microwave irradiation, as a fast, simple, uniform and energy efficient heating method has been 
widely used in chemistry [30, 31]. By the other hand, recently, microwave-assisted synthesis has 
been used to prepare nano-sized materials [32–42] and small and homogeneous metal nano-crystals. 
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Experimental Procedure  

Pd nano-crystals were prepared using an acrylamide sol-gel technique [43]. This is particularly 
useful, since the polyacrylamide network inhibits the aggregation of nano-crystals [44]. At first, 
Palladium acetate (99%, Aldrich) was dissolved in a solution of distilled water (300 ml) at 80 °C 
mixing 12 ml of nitric acid (HNO3; 70%, J. T. Baker) and hydrogen peroxide (11 wt% in H2O). 
Later 10.2 mmol of chelating agent ethylene-diaminetetraacetic acid (EDTA) [CH2N (CH2CO2H) 

2]2 (99%, Fluka) was added to the Pd dissolution obtained in order to encapsulate the Pd ion. We 
use this reagent, to trap the Pd metal ion preventing formation of ion complexes until the reaction 
starts. Thus, Pd ions remain stable during the decomposition of EDTA [45]. 

The formation of Pd gel takes place from the transparent dissolution. The pH of the dissolution 
was adjusted to 6 mixing ammonium hydroxide (NH4OH; 28 – 30%, J. T. Baker) and water. Then, 
to start the polimerization, we added 562.7 mmol of acrylamide monomer (H2C=CHCONH2 (99%, 
Aldrich)), 129.7 mmol of the cross-linker N–N’ metilenebisacrylamide (C7H10 N2O2 (99.5%, 
Fluka)) and 3.68 mmol of a chemical initiator α–α’ azodiisobutyramidine dihydrochloride 
(C8H18N6.2HCl (98%, Fluka)), to increase interconnections velocity [43]. The correct concentration 
of EDTA allows Pd to react with acrylamide monomer, forming the gel. The polymerization was 
performed heating at 80 °C during 5 s, under continuous magnetic stirring. 

The procedure for obtaining xerogel involves the gel decomposition, heating this material inside 
a microwave oven, from 80 °C up to 170 °C, raising the temperature slowly under an argon flux, 
during 3 min. The produced xerogel was pulverized using an agate electric mortar and then heated 
at 600 ± 4 °C for one week in air. The resultant powder was characterized by XRD technique for 
recognizing the compounds and phases obtained. Then this powder was again heated at 900 ± 4 °C, 
for 2 hours, under an argon flux and was later characterized by XRD, SEM and TEM.  

 

Characterization 

Powder diffraction analysis was used to determine the crystalline structure and the residual polymer 
material present in the sample applying a Bruker-axs D8-advance diffractometer, with Cu Kα 
radiation (λ= 1.5406 Ǻ), 40 KV and 30 mA, equipped with a graphite diffracted beam 
monochromator. Diffractograms patterns were collected at room temperature over the 2θ range 
2.5°–70°, with a step size of 0.02°, and time per step of 0.6 s.  

Thermo-gravimetric analysis (TGA) studies were carried out by a TA-Instruments model STD 
Q600, using a standard alumina pan at a heating rate of 10°C min-1 in air over a temperature range 
from 20°C to 1000°C. 

The microstructure and morphology were observed by scanning electron microscopy (SEM) and 
by transmission electron microscopy (TEM). SEM studies were performed using a Cambridge-
Leica Stereoscan 440 electron microscope. The micrographs were taken with a voltage of 20 kV, 
current intensity of 1,000 pA and WD = 25 mm. TEM analyses were performed on a JEOL-1200EX 
electron microscope, operating at 120 KV. TEM samples were prepared by slow evaporation of a 
drop of the colloidal solution (dissolving the sample in toluene) deposited onto a carbon-covered 
copper grid. 

Results and Discussion 

The evolution of the sample under different treatments is illustrated by Figure 1. Fig. 1 a) shows the 
dehydrated gel, while Fig. 1 b) exhibits the xerogel, which means gel heated up to 170 ºC with 
microwaves. Fig. 1 c) presents the pulverized xerogel after being heated up to 600 ºC, and finally, 
we can see in Fig. 1 d), the pulverized xerogel after been heated up to 900ºC. In this Figure, it is 
possible to appreciate how the material undergoes changes in color as well as in physical 
appearance, from a dehydrate gel, then a xerogel, until a sample with Pd and PdO compound and 
finally a sample with only Pd was obtained. We remark that we obtained the dehydrated gel after 
pressing the sample between two glass plates at room temperature. We attribute the different color 
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in some cases to the oxidation state of the metal, but we need to make more work to explain in 
detail these changes. 
 

 
 

Fig. 1 a) Dehydrated Pd gel, b) xerogel, Pd gel after heating up 170 °C c) Pd sample heated at 600 
ºC and d) Pd xerogel powder after a heat treatment at 900 ºC. 

 
 
 

X-Ray Diffraction 

Figure 2 reproduces the xerogel XRD pattern (above) and a dehydrated gel XRD pattern (below). 
Gel diffratogram only shows amorphous material due to the polymer is encapsulating Pd ions. By 
the other hand, some new lines appear and they become more sharply defined. Xerogel XRD 
pattern shows A labeled peaks corresponding to the tetragonal structure (PDF 41-1107) of PdO 
compound, and the B labeled peaks are related to the face centered cubic structure (FCC) (PDF 46-
1043) of Pd metal. The C labeled peaks are associated with the orthorhombic phase of Pd (NO3) 2 
(H2O) 2 (PDF 85-2483) and finally, the D labeled peaks are corresponding to the orthorhombic 
phase of NH4N03 (PDF 8-0452). These last two compounds are residues generated during the 
production of sol-gel. 
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Fig. 2 XRD patterns from dehydrate gel and xerogel. The planes corresponding to: A (PdO), B (Pd), 
C (Pd (NO3) 2 (H2O) 2) and D (NH4NO3) are marked. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 XRD patterns from nano-crystalline PdO compound heated at 600 °C for 168 hours (below), 
and mixed Pd-PdO treated at 900 °C for 3 hours (above). 
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Figure 3, shows how the amorphous phase vanished after heating the material at 600 °C and the 
PdO phase is mostly observed. Although, at 900 ºC (above) the Pd metal dominates, even though 
there are still some impurities of PdO phase. This suggests that increasing the temperature beyond 
900 ºC, the metallic Pd phase would also increase, but the nano-crystal size would increase as was 
observed from HRSEM and TEM techniques and illustrated later. 

 

Thermogravimetric analysis 

Results obtained from TGA are very important to determine the temperatures corresponding to the 
formation of organic matter and sub-products, during the synthesis of the sol because this process 
allows generating purer palladium phases. The curves obtained from TGA of gel and xerogel 
samples are showed in Figure 4. In the case of gel, its curve exhibits three large lost of weight at 
210 ºC, 400 ºC and at 515 ºC, data corresponding to the decomposition of (NH4NO3) compound, 
(Pd (NO3) 2 (H2O) 2) compound, and to PdO compound, respectively. The curve of the xerogel, 
presents two larges lost of weight, at 400 ºC and at 515 ºC, corresponding to the decomposition of 
(Pd (NO3) 2 (H2O) 2) compound, and PdO compound respectively 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 TGA curves from gel and xerogel showing its respective depuration. 
 
 
 

Journal of Nano Research Vol. 14 97



Interpreting TGA curves from Fig. 4, it is important to observe at 515°C, the mass is not totally 
lost since at 900°C organic matter reveals it’s lost as intermediate compounds and impurities, 
though Pd compounds still remain because Pd melting point is 1555 °C, allowing a wide range of 
temperature for eliminating parasite reaction from the sol-gel. It is supported when we compare 
with the result of heating in the oven around 20 g of the material at high temperatures. The final 
amount obtained is only some few mg. This result agrees with TGA curves. 

 

Electron Microscopy 

Representative SEM micrographs of synthesized samples by the sol–gel technique showed PdO 
clusters formed in turn by spherical nano-clusters, after heating the system at 600 °C (Fig. 5a)). 
After heating at 900 °C bigger spherical clusters and nano-clusters appeared (Fig. 5b)). Elemental 
analysis from SEM showed the presence of Pd metal and a minimum amount of PdO.  

By the other hand, TEM images from Figure 6 a), show some clusters and nano-crystals, after 
heating the material at 600 °C. The principal of them, in the micrograph, looks like a conformation 
of clusters of nano-metric size. When temperature is increased at 900 °C, only dispersed nano-
crystals of around 8 nm were observed, corresponding to Pd metal and PdO compound, however 
clusters were not found (Fig. 6b) in contrast to SEM results. The difference between SEM and TEM 
results is due to TEM sample preparation because the powder is dispersed using 2- propanol and an 
ultrasonic bath. By the other hand, analysis elemental from TEM shows the same result than SEM, 
we mean the presence of Pd metal and PdO compound again. This fact points out Pd nano-crystals 
can be obtained from the proposed method in this work. In addition, this method can be improved 
until producing Pd metal pure. 

 
 

 

              
 
Fig. 5 SEM images show a) PdO nano-clusters after heat treatment at 600 °C. b) Pd and PdO nano-
clusters after heat treatment at 900 °C. 
 

The size of the Pd nano-crystals was estimated from X-ray peak broadening in the diffractograms 
and from the TEM and SEM images. There are two different levels of crystal sizes in our 
experiments. Comparing the size of Pd crystallites estimated from X-ray diffraction data, it differs 
from the scale data obtained for Pd nano-sizes for crystals, from electron microscopy images. The 
clusters are formed by these nano-crystals. 
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Fig. 6 TEM images show a) Clusters with a size distribution between 50 nm and 600 nm or more 
and some nano-crystals, after heat treatment at 600 °C. b) Pd and PdO nano-crystals, after heat 
treatment at 900 °C. 
 

 
Table 1 contains the average crystallite size data obtained between 600 °C and 900 °C, calculated 

from the Debye-Scherrer equation (D = 0.9λ/B cosθ), where λ is the X-ray wavelength, θ the Bragg 
angle and B the full width of the diffraction line at one half of the maximum intensity. The average 
crystallite size rose when the temperature increased up to 900 °C and the growing of Pd metal was 
favored. This result was confirmed by TEM. 
 

Table 1. The crystallite size estimated from Scherrer equation  
 

Temperature ºC PdO Pd 

600 2 nm - 

900 7 nm 8 nm 

   
 

The crystals size obtained by our method is of around 2-8 nm, compared with the ones resulting 
from microemulsion of water where the obtained crystals are between 4-8 nm, depending on the 
composition of the microemulsion [46]. The reduction method by thermal decomposition of Pd-
surfactant complexes gives us as result a monodispersed crystal distribution of Pd with sizes of 3, 5 
and 7 nm respectively. The size varies with the temperature of the process and the dissolvent is used 
like a reducer. [47] 

 

Summary 

Analyzing the different results obtained from the techniques used in this work we have concluded 
that after heating the material at 600 °C it is possible to obtain nanometric- crystals, although there 
are a great quantity of clusters formed or nano-clusters and nano crystals. However if the material is 
heated at 900 °C for 5 hours in Ar2 flux, nano-metric crystals are obtained and almost no clusters 
there are. The size of the clusters is bigger after applying a heat treatment at 600° C than in the case 
of the heat treatment applied at 900 °C. Nevertheless the size change is very small.  

The grain size was calculated from Scherrer equation resulting to be between 2-8 nm after heat 
treatment at 600 °C. TEM images show bigger clusters, but many of them are little clusters 
conformed for nano clusters and nano-crystals. Additionally, TEM images taken after heating at 
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900 °C show nano-crystals with a size similar to predicted for Scherrer equation, however SEM 
images show clusters only smaller than at 600 °C, but the crystal size looks larger than the shown 
by TEM micrographs. The difference is due to the different sample preparation for these 
techniques. In the case of TEM preparation, the sample was dispersed in 2-propanol separating the 
little clusters after ultrasonic treatment. 

Our synthesis method to produce nano-crystals of Pd presents advantages over the others, [9-20] 
because the reduction does not require special conditions but very high temperatures are necessary 
and short reaction times (~3s). Also it allows obtaining materials with bigger superficial area 
respect to the obtained ones by reaction in solid state. 

We conclude that this method allows easily the synthesis of nanometric size Pd metal crystals 
and it is possible to separate them from the clusters formed initially. However this method has to be 
improved. 
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