Radiolytic Synthesis of Ag-Pd Alloy Nanoparticles with High Aspect Ratio 
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Abstract

Aqueous solutions of Ag-Pd ions and poly(vinyl alcohol) (PVA) were irradiated with gamma rays at dose rates typically below 0.5 kGy/h to generate nanoparticles. Transmission electron microscopy showed that the nanoparticles had a high aspect ratio. Wire-like structures were generated, with lengths up to 3.5 m, and typical diameters between 20 and 25 nm.  Selected area diffraction (SAED) showed that the wires were polycrystalline, and that individual grains making up the wires had a face-centered cubic (fcc) structure. The diameter of the SAED rings was used to calculate the lattice parameter of a large number of samples with different Ag/Pd mole ratio. The lattice parameter depended linearly on the Ag mole ratio, and indicated that the grains making up the nanoparticles were a homogeneous Ag/Pd alloy. Alloying in the Ag-Pd nanoparticles was confirmed by X-ray absorption spectroscopy. The Pt L3 edge (11.564 keV) X-ray absorption spectra were used to determine the local structure around the Pt atoms. A contraction in the first shell of 0.05 Å was observed, which ruled out formation of a Ag-Pt homogeneous alloy, and suggested formation of core-shell particles. To understand the mechanism of formation of the nanoparticles, several experimental parameters were varied, such as total radiation dose and dose rate; type of polymer, metal and polymer concentration; and type of counterions in solution. The most relevant parameters that induced filament growth were the radiation dose rate, the counterions added to the solution, the mole ratio between the two metals, and the capping polymer. {{{For example, spherical particles resulted if irradiation was carried out at high dose rates of 18 kGy/h, if AgNO3 was used instead of Ag2SO4, if the Ag/Pd mole ratio was higher than 80% or lower than 20%, and if the degree of hydrolysis of the PVA was higher than 98%. 
*****Under what conditions do  elongated particles occur*******}}}
Introduction

Metallic nanostructures with high aspect ratios are promising candidates for the development, among others, of sensors [1] and electrical connections for nanometer-sized electronic devices. As a consequence of the technological interest, several wet chemistry and photolysis techniques have been developed to synthesize nanoparticles with high aspect ratio.[3-13] While the mechanism of nanowire formation is not clear in its details, most synthesis techniques share common features. In general, a noble metal is reduced at a slow rate in the presence of pre-formed nucleation seeds, and a capping polymer.  The interaction of the polymer with the counterions of the solution and the metal ions often determines the aspect ratio of the nanoparticles. For example, elongated micelles can be formed to provide a high aspect ratio template.[3-8] In other cases, copolymers made up by a hydrophobic and a hydrophilic component are employed. [5] The complexation of the hydrophobic component of the polymer with the metal ions gives rises to micelles.   Reduction of the metal ions takes place in these micelles that eventually coalesce and give rise to high aspect ratio nanoparticles. 

In previous work, we produced Ag/Pt nanoparticles with high aspect ratio with gamma radiolysis. [9] Wire-like structures a few micrometer long, and with a diameter as small as 2 nm, were produced. Structural analysis showed that the particles were composed of fcc grains, and that the Ag and Pt metals were not alloyed. The aspect ratio of the nanoparticles was extremely sensitive to the type of polymer employed, and on the counterions added to the solution. For example, nanowires resulted only when partially hydrolyzed poly(vinyl alcohol) (PVA) and sulphate counterions were present in the solution. Partially hydrolyzed PVA is a copolymer with a hydrophilic component, the vinyl alcohol groups, and a hydrophobic component, the residual vinyl acetate groups. The hydrophobic component, assisted by the counterions, probably forms complexes with the metal ions and metal clusters, which assist nanowire formation.

 We show here that Ag/Pd nanoparticles with high aspect ratio can also be produced with the radiolysis method. Different from the Ag/Pt system, Ag and Pd form homogeneous alloy nanoparticles. The mole ratio between the metals in the nanoparticles follows, on average, the mole ratio of the initial solutions. To our knowledge, this is the first report of alloyed, bimetallic nanoparticles with high aspect ratio synthesized with wet chemistry, or photolysis, methods.  The particles may have a potential application as gas sensors, since, for example, the reactivity of alloys with gas molecules can be modified by changing the ratio between the component metals. 

Experimental
Sample preparation Metal salts used to prepare aqueous solutions were Ag2SO4, Ag2NO3, and PdSO4.  Solutions had a typical total metal ion concentration between 0.5 and 2x10-3 mol/l.  Samples were prepared with Ag/Pd mole ratios varying from 100% to 0% Ag in steps of 10%.  To scavenge 
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 radicals generated during irradiation, 0.2 mol/l of 2-propanol was added to the solutions.  Several different types of poly (vinyl alcohol) (PVA) were used, and their characteristics are reported in Ref. [9]. In most experiments described here, solutions were prepared with a concentration of 8mg/ml of  PVA of MW 88,600-97,000 and 87-89% degree hydrolysis. Due to their photosensitivity, the samples were stored in the dark after mixing. Before and after irradiation, the solutions were free of precipitates.

Irradiation procedure Samples were irradiated with gamma radiation from the fission products of the University of Missouri-Rolla’s pool nuclear reactor.  In the experiments described here, the dose rate decreased exponentially from a value of about 0.5 kGy/h in the first hour to about 0.05 kGy/h 48 hours after shutdown. Exposure to a total dose between 3 and 3.5 kGy typically required 36 to 48 hours. Total doses were measured with Thermoluminescent Dosimeters (TLD) placed in vials adjacent to the samples to be irradiated. A few samples were also irradiated with a 60Co source located at University of Missouri-Columbia, which generates dose rates of about 18 kGy/h. Irradiation with this high-dose-rate source helped characterizing the dependence of the aspect ratio of the nanoparticles on the dose rate.

Radiolysis Method Radiolysis of aqueous solutions is an efficient method for the reduction of metal ions and the formation of homo- and hetero nuclear clusters of transition metals.[3,12-15]  In  the radiolysis method, aqueous solutions are exposed to (-rays as shown in equation 1, to create solvated electrons, 
[image: image2.wmf] [15].  The solvated electrons reduce the metal ions, as shown in equations 2 – 3.  The metal atoms coalesce to form clusters as shown in equation 4.

[image: image1.wmf]
Characterization TEM measurements were carried out with a Philips EM430T microscope operated at 300 keV. Typically, one drop of solution containing nanoparticles was placed on a carbon-coated copper grid, and evaporated under dry nitrogen.  Selected area electron diffraction (SAED) was employed to determine crystalline structure and lattice parameter of the nanoparticles. Chemical composition was determined with energy dispersive X-ray chemical analysis (EDS). SAED and EDS had a spatial resolution of 150 nm. X-ray Absorption Fine Structure (XAFS)[ZZ] measurements were performed at the MR-CAT undulator beamline at the Advanced Photon Source, Argonne National Laboratory. A double crystal Si(111) monochromator was utilized for energy selectivity and a Pt harmonic rejection mirror was used to eliminate the higher harmonics of the desired energy range (Pd K-edge). XAFS measurements were performed in fluorescence mode using a 13-element Ge detector. 

Results and Discussion

Figure 1a shows a typical bright field micrograph of Ag/Pd clusters resulting after irradiation of solutions containing a total metal ion concentration of 2(10-3mol/l. Filament-like particles, with typical diameters of 20-25 nm, and up to 1.5 m long, were routinely observed.  The morphology of the particles was comparable for most metal mole ratios. Only samples with a content greater than 90 atomic percent (at%) Ag or less than 20at% Ag were composed of isolated spherical clusters with a diameter between 50 and 150 nm. The chemical composition of the nanoparticles was determined with EDS. The ratio between the two metals varied within a same particle and between nanoparticles, but the variation was, on average, within ±15% of the mole ratio of the original sample. 

A typical SAED is reported in Figure 1b, and shows several diffraction rings, which indicate that the particles are polycrystalline. The rings are consistent with a fcc structure [17], and the indexing is reported in the figure. To determine the lattice parameter of the nanoparticles, we measured SAED for a large number of particles coming from samples with different metal mole ratios. SAED was measured out of one or more regions of each nanoparticle. The chemical composition of each region was then determined with EDS. The lattice constant of the nanoparticles was calculated from the diameter of the diffraction rings.[18] The lattice constant of the nanoparticles increased linearly with increasing Ag concentration, in accordance with results obtained previously by our group for Ag/Pd particles with nearly spherical aspect ratio. [18] This linear dependence of the lattice parameter on Ag concentration (Vegard’s law) is a strong indication that Ag and Pd form a homogeneous alloy.
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Figure 1(a) Bright field TEM micrograph of nanoparticles obtained after exposure to a total dose of 3.5 kGy.  The wire-like particles have a diameter of 20-25 nm, and a length of up to 1.5 m. (b) Typical SAED. The diffraction rings are compatible with a fcc structure.  All samples were made with 60at% Ag and 40at% Pd nominal concentration, 8mg/ml PVA, and a total metal ion concentration of 2(10-3 mol/l .

Alloying was confirmed by XAFS measurements. XAFS is an oscillatory structure in the X-ray absorption spectrum above the absorption edge of the constituent atoms in a material and is defined as the fractional deviation in the absorption coefficient of an atom in a material from its atomic absorption. It is given by (k) = ((((0)/(0 (k: photoelectron wave number, (0: atomic absorption coefficient).1 The deviation from the atomic absorption results from the fact that when the excited atom is not isolated, the photoelectron wave is backscattered by the surrounding atoms. The backscattered wave interferes with the outgoing photoelectron wave and thus gives rise to oscillations in the final state of the system. The period of these oscillations is a function of the bond lengths of the neighbors of the absorbing atom and the amplitude depends on the coordinating atomic species, their co-ordination number and their Debye-Waller factors. Thus, by analyzing XAFS oscillations, one can derive information on the local environment around the excited atom. Ag-Pd samples with a molar ratio of 75-25 were measured at the Pd K-edge. A Pd foil was first measured in transmission mode XAFS as a reference. Since Pd and Ag are adjacent atoms in the periodic table, their backscattering amplitude and phase effects on the photoelectron wave are nearly identical. Hence, it is very difficult to distinguish between these two near neighbor species around the central atom and conclude if they are alloying. 

Fortunately, the lattice parameters of Pd and Ag are quite different. The first bond-length in Pd is 2.75 Å while that in Ag is 2.88Å.  Comparing the changes in the bond-length of the neighbors around Pd in our sample with respect to the bond-length in the elemental form allows us do determine the alloying. For example, in this case, (25at% Pd), Pd is the more dilute species here and if it tries to fit into the larger Ag lattice, we can expect the lattice parameter of the Pd near neighbor to increase with respect to elemental Pd. On the other hand, if Pd segregates from Ag, then the XAFS results are expected to be similar to that of a Pd nanocluster and its near neighbor distances will be similar to that of bulk Pd. In our case, by fitting with theoretical standards calculated with the program, FEFF[XX]. We observed a bond-length expansion of the first near neighbor shell around Pd with respect to the elemental Pd. Figure 3 shows that the first shell expands by 0.05Å.
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Figure 3. Fourier transform of Pd foil data and Ag-Pd sample over the 

k-range 3 - 11 ǺÅ-1.  The 0.05 Ǻ bond-length expansion of the first near neighbor shell around Pd is seen between 1 and 2 Ǻ.
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Figure 4. A theoretical model of Pd atoms in Ag lattice has been compared with the data to determine the near-neighbor distance. 





To better understand the mechanism of formation of the nanowires, we varied parameters such as the total metal ion concentration, the total dose and the dose rate, the counterions, and the capping polymer. Wire structures like in Figure 1 were typically created by exposing the samples to a dose of 3.5kGy over a period of 72 hours, independent on the initial metal ion concentration (range examined: 0.5 to 2(10-3mol/l) .  Some samples were placed in front of the reactor core for a shorter time, and exposed to a total dose of about 0.4 kGy.  A typical TEM micrograph of nanoparticles produced at low total doses is shown in Fig. 3. Wire-like nanoparticles were observed. The particles were, on average, shorter than the wires produced at higher doses. For example, no wires longer than 300nm were observed. 
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Figure 4.   Bright field TEM micrograph of nanoparticles obtained after exposure to a total dose of 0.4 kGy. The samples were prepared with a total metal ion concentration of 2(10-3 mol/l, a mole ratio of 60wt% Ag and 40wt% Pd, and 8mg/ml PVA.  

These low dose experiments indicate that wire-like structures form in the early stages of reduction and continue growing when reduction proceeds.  The low dose behavior thus differs from what observed for the Ag/Pt system, where low doses yielded spherical particles made up by pure Ag. 

To examine the dose rate dependence, samples were exposed to a total dose of 3.5 kGy and a dose rate of 18 kGy(h-1 using a 60Co source hosted in the Research Reactor facility of University of Missouri – Columbia. Solutions exposed to these high dose rates yielded spherical clusters. A typical TEM image of clusters obtained at high dose rates is reported in Fig. 4a. This result again differs from what observed for the Ag/Pt system, where wire-like particles were produced at high dose rates, as shown in Fig. 4b.
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Figure 5   Bright field TEM micrograph of nanoparticles obtained exposure to a total dose of 3.5 kGy at a dose rate of 18 kGy/h. The samples were prepared with a polymer concentration of 8mg/ml PVA, a total metal ion concentration of 2(10-3 mol/l, and had a mole ratio of (a) 60wt% Ag and 40wt% Pd (b) 60wt% Ag and 40wt% Pt (see also ref. [9] for the preparation of sample (b)). 

  Variation of the remaining experimental parameters, such as counterions, molecular weight, and degree of hydrolysis of the capping PVA polymer, yielded results comparable to those found for the Ag/Pt system.[9] In brief, spherical clusters resulted if AgNO3 was employed instead of Ag2SO4, if the molecular weight of the polymer was below about 23,000, and, most importantly, if the degree of hydrolysis of the PVA was 98-99% instead of 87-89%. As in the Ag/Pt case, we suggest that polymer-metal ion and polymer-metal clusters are formed, assisted by the sulphate counterions. Additional experiments to characterize the polymer-metal complexes, and to clarify the differences between the Ag/Pt and the Ag/Pd systems, are planned in the near future.

In summary, we have described a technique to synthesize high aspect ratio bimetallic alloy nanostructures. We employed radiolysis to reduce metal ions in aqueous solution and generate filament-like nanostructures that can be as long as a few microns, with a diameter of 20-25 nanometers. The filaments are polycrystalline, and are made up by homogeneous alloy grains with fcc structure.  Nanowire formation proceeds probably via polymer-metal complexes for both the Ag/Pd system investigated here and the Ag/Pt system investigated by our group in a previous experiment. The two systems present also relevant differences. For example, Ag and Pd form a homogeneous alloy, while Ag and Pt do not. Exposure at low doses yields short alloy wires for the Ag/Pd system, and spherical, pure Ag particles for the Ag/Pt system. Finally, irradiation at high dose rates yield spherical particles for the Ag/Pd system, and nanowires for the Ag/Pt system.
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1 X-Ray absorption: principles, applications and techniques of EXAFS, SEXAFS and XANES edited  by Koningsberger DC and Prins R 1988.
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