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Abstract. We report a new synthesis method to obtain palladmano-crystals by sol-gel
polymerized with acrylamide. From thermogravimetiralysis (TGA)studies, we found PdO and
Pd compounds in the xerogel sample, at 550 °C,ozrd 900 °C we detected only metallic Pd.
These results were corroborated by powder X-Rajrdation (XRD), High Resolution Scanning
Electron Microscopy (HRSEM), and Transmission HimttMicroscopy (TEM). XRD studies
exhibit the lines from the tetragonal structure fP41-1107) of PdO compound and from the cubic
structure (PDF 46-1043) of Pd metallic. HRSEM migephs show morphologies from the sample
very sensitive to heat treatment. Finally, TEM imaghow crystals of ~8 nm in diameter.

I ntroduction

Recently, considerable attention has been paidedmano-sized metal colloids and clusters due to
their unique properties and potential applicationseveral areas such as catalysis, optoelectronics
microelectronics, magnetic materials and other3].1Fhe catalytic activity and selectivity, as well
as electrical, thermo-dynamical and chemical prigeof the nano-crystals are strongly dependent
on its nano-size [8]. Therefore, development oftlsgsis methods of nano-size control has been
created such as hydrothermal [9], coprecipitati@0],[ microemulsion [11-15], nano-crystals
stabilized in micelles [16], sputtering [17], gasaporation [18,19] and specially sol- gel method
proposed in this work [20]. For example, to syntbepalladium nano-crystals is very important,
because they can be used as primary catalyst foy w@anic reactions, such as C—-C coupling of
Heck, Suzuki, and hydrogenation of alkenes andaaijnes [21-26], etc. For this purpose, the ultra
fine crystals have to be as small as possible ptese more accessible surface. Furthermore
Palladium oxide (PdO) is an important platinum grouetal oxide, which supported or modified
PdO has been used as a catalyst in catalytic cdiobusf natural gas (methane) or as a liquid-
phase oxidation of alcohols with oxygen in recesdng [26-29].

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

Although some chemical approaches are availabléh®preparation of Pd nano-crystals, and
due to few reports on size-controlling synthesisPof nano-crystals have been published, it is
required to develop a convenient method to generatro-crystals with controlled sizes.
Microwave irradiation, as a fast, simple, uniformdaenergy efficient heating method has been
widely used in chemistry [30, 31]. By the other tdarecently, microwave-assisted synthesis has
been used to prepare nano-sized materials [32-+R$mall and homogeneous metal nano-crystals.
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Experimental Procedure

Pd nano-crystals were prepared using an acrylasatigel technique [43]. This is particularly
useful, since the polyacrylamide network inhibite taggregation of nano-crystals [44]. At first,
Palladium acetate (99%, Aldrich) was dissolved isolution of distilled water (300 ml) at 80 °C
mixing 12 ml of nitric acid (HN@ 70%, J. T. Baker) and hydrogen peroxide (11 wit4O).
Later 10.2 mmol of chelating agent ethylene-diangtraacetic acid (EDTA) [CHN (CH,CO,H)

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

The formation of Pd gel takes place from the transpt dissolution. The pH of the dissolution
was adjusted to 6 mixing ammonium hydroxide ¢OH; 28 — 30%, J. T. Baker) and water. Then,
to start the polimerization, we added 562.7 mmahafylamide monomer G€=CHCONH: (99%,
Aldrich)), 129.7 mmol of the cross-linker N-N' mletiebisacrylamide (1o N.O, (99.5%,
Fluka)) and 3.68 mmol of a chemical initiatoro’ azodiisobutyramidine dihydrochloride
(CgH18N6.2HCI (98%, Fluka)), to increase interconnectioakrity [43]. The correct concentration
of EDTA allows Pd to react with acrylamide monomferming the gel. The polymerization was
performed heating at 80 °C during 5 s, under comtits magnetic stirring.

The procedure for obtaining xerogel involves thedgEomposition, heating this material inside
a microwave oven, from 80 °C up to 170 °C, raidimg temperature slowly under an argon flux,
during 3 min. The produced xerogel was pulverizeithgian agate electric mortar and then heated
at 600 £ 4 °C for one week in air. The resultanivgper was characterized by XRD technique for
recognizing the compounds and phases obtained. fhiilepowder was again heated at 900 + 4 °C,
for 2 hours, under an argon flux and was laterattarized by XRD, SEM and TEM.

Char acterization

Powder diffraction analysis was used to determiectystalline structure and the residual polymer
material present in the sample applying a Bruker-B8-advance diffractometer, with CuaK
radiation f= 1.5406 A), 40 KV and 30 mA, equipped with a graphite difbed beam
monochromator. Diffractograms patterns were cadlgcat room temperature over theé &ange
2.5°-70°, with a step size of 0.02°, and time pep of 0.6 s.

Thermo-gravimetric analysis (TGA) studies were iegrrout by a TA-Instruments model STD
Q600, using a standard alumina pan at a heatiegofat0°C mift in air over a temperature range
from 20°C to 1000°C.

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

Results and Discussion

The evolution of the sample under different treattaes illustrated by Figure 1. Fig. 1 a) shows the
dehydrated gel, while Fig. 1 b) exhibits the xetpgéhich means gel heated up to 170 °C with
microwaves. Fig. 1 c) presents the pulverized xa&raffer being heated up to 600 °C, and finally,
we can see in Fig. 1 d), the pulverized xerogadrdfieen heated up to 900°C. In this Figure, it is
possible to appreciate how the material undergdemges in color as well as in physical

appearance, from a dehydrate gel, then a xeroggl,ausample with Pd and PdO compound and
finally a sample with only Pd was obtained. We rdathat we obtained the dehydrated gel after
pressing the sample between two glass plates at temperature. We attribute the different color
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in some cases to the oxidation state of the mbtdlwe need to make more work to explain in
detail these changes.

Fig. 1a) Dehydrated Pd geh) xerogel, Pd gel after heating up 170)@d sample heated at 600
°C andd) Pd xerogel powder after a heat treatment at @00 °©

X-Ray Diffraction

Figure 2 reproduces the xerogel XRD pattern (abawe)) a dehydrated gel XRD pattern (below).
Gel diffratogram only shows amorphous material thuéhe polymer is encapsulating Pd ions. By
the other hand, some new lines appear and theynieenore sharply defined. Xerogel XRD
pattern shows A labeled peaks corresponding tatdtragonal structure (PDF 41-1107) of PdO
compound, and the B labeled peaks are relatecetéatie centered cubic structure (FCC) (PDF 46-
1043) of Pd metal. The C labeled peaks are assdcwith the orthorhombic phase of Pd (@
(H20) » (PDF 85-2483) and finally, the D labeled peaks @aesponding to the orthorhombic
phase of NEHNO; (PDF 8-0452). These last two compounds are resideegrated during the
production of sol-gel.
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Fig. 2 XRD patterns from dehydrate gel and xerogké planes corresponding #®(PdO),B (Pd),
C (Pd (NQ) 2 (H20) 2) andD (NH4NOg3) are marked.
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Fig. 3 XRD patterns from nano-crystalline PdO coommbheated at 600 °C for 168 hours (below),
and mixed Pd-PdO treated at 900 °C for 3 hoursv@ho
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Figure 3, shows how the amorphous phase vanishedhefating the material at 600 °C and the
PdO phase is mostly observed. Although, at 900at©\e) the Pd metal dominates, even though
there are still some impurities of PdO phase. Bhiggests that increasing the temperature beyond
900 °C, the metallic Pd phase would also increasethe nano-crystal size would increase as was
observed from HRSEM and TEM techniques and illusttdater.

Thermogravimetric analysis

Results obtained from TGA are very important toed®ine the temperatures corresponding to the
formation of organic matter and sub-products, dytime synthesis of the sol because this process
allows generating purer palladium phases. The sunigained from TGA of gel and xerogel
samples are showed in Figure 4. In the case ofitgeturve exhibits three large lost of weight at
210 °C, 400 °C and at 515 °C, data correspondinget@lecomposition of (NHO3z) compound,

(Pd (NQ) 2 (H20) 2) compound, and to PdO compoumdspectively. The curve of the xerogel,
presents two larges lost of weight, at 400 °C aril& °C, corresponding to the decomposition of
(Pd (NQ) 2 (H20) 2) compound, and PdO compound respectively
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Fig. 4 TGA curves from gel and xerogel showingéspective depuration.
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Interpreting TGA curves from Fig. 4, it is importan observe at 515°C, the mass is not totally
lost since at 900°C organic matter reveals it'd las intermediate compounds and impurities,
though Pd compounds still remain because Pd mefkmgt is 1555 °C, allowing a wide range of
temperature for eliminating parasite reaction frima sol-gel. It is supported when we compare
with the result of heating in the oven around 26f ghe material at high temperatures. The final
amount obtained is only some few mg. This resule@g with TGA curves.

Electron Microscopy

Representative SEM micrographs of synthesized ssmpy the sol—gel technique showed PdO
clusters formed in turn by spherical nano-clustafger heating the system at 600 °C (Fig. 5a)).
After heating at 900 °C bigger spherical clusterd aano-clusters appeared (Fig. 5b)). Elemental
analysis from SEM showed the presence of Pd methhaninimum amourdf PdO.

By the other hand, TEM images from Figure 6 a)wslsome clusters and nano-crystals, after
heating the material at 600 °C. The principal @nth in the micrograph, looks like a conformation
of clusters of nano-metric size. When temperatarencreased at 900 °C, only dispersed nano-
crystals of around 8 nm were observed, correspgntdinPd metal and PdO compound, however
clusters were not found (Fig. 6b) in contrast td/Stesults. The difference between SEM and TEM
results is due to TEM sample preparation becawseadlwder is dispersed using 2- propanol and an
ultrasonic bath. By the other hand, analysis eléatdrom TEM shows the same result than SEM,
we mean the presence of Pd metal and PdO compa@aial & his fact points out Pd nano-crystals
can be obtained from the proposed method in thikwa addition, this method can be improved
until producing Pd metal pure.

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

The size of the Pd nano-crystals was estimated Kenay peak broadening in the diffractograms
and from the TEM and SEM images. There are twoetbfit levels of crystal sizes in our
experiments. Comparing the size of Pd crystaliggtgmated from X-ray diffraction data, it differs
from the scale data obtained for Pd nano-sizesrigstals, 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 sizeridhstion between 50 nm and 600 nm or more
and some nano-crystals, after heat treatment at°’60(®) Pd and PdO nano-crystals, after heat
treatment at 900 °C.

Table 1 contains the average crystallite size diatained between 600 °C and 900 °C, calculated
from the Debye-Scherrer equation (D =0 cod), wherel is the X-ray wavelengtt®, the Bragg
angle and B the full width of the diffraction lim¢ one half of the maximum intensity. The average
crystallite size rose when the temperature inctageto 900 °C and the growing of Pd metal was
favored. This result was confirmed by TEM.

Table 1. The crystallite size estimated from Sarezguation

Temperature °C PdO Pd
600 2nm -
900 7 nm 8 nm

The crystals size obtained by our method is of mda2+8 nm, compared with the ones resulting
from microemulsion of water where the obtained t&igsare between 4-8 nm, depending on the
composition of the microemulsion [46]. The redustimethod by thermal decomposition of Pd-
surfactant complexes gives us as result a monagisgerystal distribution of Pd with sizes of 3, 5
and 7 nm respectively. The size varies with thepenature of the process and the dissolvent is used
like a reducer. [47]

Summary

Analyzing the different results obtained from tleehniques used in this work we have concluded
that after heating the material at 600 °C it isginle to obtain nanometric- crystals, althougheher
are a great quantity of clusters formed or nanstehs and nano crystals. However if the material is
heated at 900 °C for 5 hours in Alux, nano-metric crystals are obtained and almost uste&ts
there are. The size of the clusters is bigger afp@tying a heat treatment at 600° C than in tlse ca
of the heat treatment applied at 900 °C. Neverfizellee size change is very small.

The grain size was calculated from Scherrer equnatsulting to be between 2-8 nm after heat
treatment at 600 °C. TEM images show bigger clastbut many of them are little clusters
conformed for nano clusters and nano-crystals. #aldilly, TEM images taken after heating at
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900 °C show nano-crystals with a size similar tedmted for Scherrer equatiohowever SEM
images show clusters only smaller than at 600 UE the crystal size looks larger than the shown
by TEM micrographs. The difference is due to thé&fedent sample preparation for these
techniques. In the case of TEM preparation, thepéanvas dispersed in 2-propanol separating the
little clusters after ultrasonic treatment.

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

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