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Short Research Article

Structural characterization of Fe-Ag bimetallic
nanoparticles synthesized by chemical
reduction

ABSTRACT

Aims:the main objective of this research is to establish an efficient route for obtaining
dumbbell bimetallic nanoparticles. likewise, correlating the results of structural
characterizationwith the particles synthesis conditions.

Methodology:Fenanoparticleswere obtained using Fe (Ill) Chloride hexahydrate
(FeCl3-6H,0)as precursorandsodium borohydride (NaBH,) as reducing agent,subsequently,
a solution ofsilver nitrate (AgNO3) was added to thereaction.

Results:Bimetallic particleswere obtained inan aqueous medium,and were laterstudied
usingthe technique ofhigh-resolutiontransmission electronmicroscopy(HREM),
ultravioletvisiblespectroscopy(UV-is) andquasi-elastic lightscattering(QELS).
Conclusion:Particles withsemi-sphericalmorphologywere observed, likewise, aparticle
sizedistributionof20nmwas recorded forthe particles ofAg,and7nmin the case
ofFeadditionallyinterplanardistancescorresponding tooxidesofFewere found.

Keywords: (Chemical synthesis, nanopatrticles, transmission electron microscopy)

1. INTRODUCTION

The metallicnanoparticles have a specialinterestdue to the widerange of
propertiesandpotential applications inthe fields ofphysics, chemistry, materials science,
biology and catalysis [1-4]. Specifically, bimetallicnanoparticlesoffera feasible alternativefor
thepotentiationof themetallicpropertiesofthe nanoparticles. Thisis due tothese composites
consist of two combined nanoparticles with different functionalities with a common interface.
Interfacial interactions in these systems lead to changes in the physical and chemical
properties of the bimetallic nanoparticles. Consequently, research of newsynthesis
routesbimetallic nanoparticlesis fundamentalin the developmentof nanotechnology. Specially
the Fe-Ag dumbbell-like nanoparticles possess the surface character of Ag and the magnetic
property of Fe, and hence might have great potential applications in biological targeting,
biological separation, high-density magnetic recording, catalysis, and targeting therapy fields
in the near future [2]. Moreover, the preparation and properties of Fe-Ag composite magnetic
nanoparticles have been reported a few [3]. Different experimental methods to produce
dumbbell-like nanostructures have been reported in the literature [2, 3]. However, the
chemical method has been employed too successfully in the synthesis of these bimetallic
nanostructures [5, 6, 9]. In this work, a chemical synthesis was carry on to produce Fe-Ag
dumbbell-like nanoparticles by the reduction of (FeCl;-6H,O) and AgNO; using sodium
borohydride NaBH, as a reducing agent.

2. EXPERIMENTAL DETAILS

Fe-Ag dumbbell nanoparticles were produced first by reduction of Fe(lll)
Chloridehexahydrate with sodium borohydride (NaBH,) and then by adding silver as nitrate
(AgNOs). The chemical synthesis of iron nanoparticles was carried out using a modification
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of the Hsing-Lung et al [18] and ZhanhuaGuo [19] methods. In this case, we varied the
stirring (600 rpm) and temperature conditions (25 °C), as a simplification in the use of
instrumental and to explore a decrease in the energy incorporation. Two solutions
ofpolyvinylpyrrolidone (PVP)at constant concentration of1.0 M was prepared and mixedand
stirred magnetically at600 rpm for 1h with the precursor (0.1 M). The reducing agent(NaBH,)
wasaddeddropwiseat a concentration of0.2M. Finally two solutions of AgNO; at 0.01 and
0.02 M and 0.04 M were added to the Fe nanoparticles. For the structural characterization of
bimetallic nanoparticles, a transmission electron microscopy TEM (Phillips Technai F-20)
analysis was employed to observe the morphology and sizes of iron-silver nanoparticles. In
addition, a UV-vis spectrophotometer (Ocean Optics USB4F01962) was used to identify the
presence of individual and bimetallic nanoparticles.

3. RESULTS AND DISCUSSION

Figure 1shows low magnification electron microscope images of the nanometric particles
obtained with additions of Ag ions to Fe nanoparticles. These images clearly show dispersed
nanoparticles with a dumbbell type configuration. The dumbbell type configuration consists
of a nanoparticle with a particular composition and size, which is attached another particle
whose composition is different and its size is generally smaller.

18 19 20 2122 23

Figure 1.Electron microscope images of the Fe;0,-Agnanoparticles with a dumbbell
type configuration

This figure also shows that the morphology of both types of nanoparticles is spherical and
the formation of agglomerates is not appreciated. In the past, several investigations have
been done to synthesize and analyze the properties of this nanoparticle configuration whose
main property is their dual function (bifunctional) [6-8].

The particle size distribution for the colloidal solution is illustrated inset Figure 1. While for
pure Fe, the average particle size is about 20 nm with small dispersion in size, for pure Ag
the average particle size is small about 7 nm with even less size dispersion. The EDS
spectrum obtained on dumbbell particles is presented in figure 2aand confirms that both Fe
and Ag elements are present. Figure 2b also shows UV-Vis absorption spectra of
nanoparticles after chemical procedure.
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The curve indicates a small characteristic peak of Ag surface plasmon resonance of
approximately 400 nm, which indicates the formation of silver nanoparticles [14]. No
plasmon resonance peak was observed for Fe particles. There has been previously reported
that Fe nanoparticles exhibit no discrete absorption peak [18], but the absorption decreased
with an increase of wavelength.
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Figure 2 a) EDS spectrum obtained of Fe;0,-Agdumbbell particles b) UV-Vis
absorption spectra of nanoparticles after chemical procedure.

Figure 3 a-c shows, in particular, some additional structural features of dumbbell
nanoparticles obtained by bright field TEM images. According to the mechanism of
mass/thickness contrast in TEM, in the case of BF image, thicker or higher Z regions scatter
more electrons; therefore, these areas are darker than thinner or low Z regions (light
contrast). Thus, in the BF image the dark particle correspond to silver element, while lighter
particle has a chemical composition based on Fe. We can notice that from the iron particle
has a greater thickness should be less contrast, however, the smallest particle has low
contrast due to have the highest atomic number. In addition, figure 3d show a Z-contrast
image (HAADF) which illustrates that higher contrasts region (lighter) correspond to particle
with high Z value (Ag), on contrary, darker region corresponds to nanoparticle with low Z
(Fe). In this way, these TEM analyses confirm the presence of Fe-Ag particles dumbbell

type.

In order to determine the structure and crystallinity of the nanoparticles HRTEM images have
been analyzed as shown in Figure 4a-b. These images confirmed the structure of bimetallic
nanoparticles. The inter-plane lattice measurement for the small particle is about 2.28 A,
which is consistent with the 2.3 A lattice spacing for the (111) planes of FCC silver.
However, the interplane spacing probed for larger particle corresponds to 3.33 A, which
closely agrees with value for the (112) plane of the Fe;O,, indicating that iron particles were
oxidized. Several previous studies have confirmed that iron nanoparticles are easily oxidized
[20]. Therefore, the particles synthesized here have a Fe;04-Ag chemical composition.

HRTEM images also show Ag particles with poor crystallinity associated with the presence
of defects in the structure. Twinning is a characteristic crystalline defect observed in the Ag
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particle structure. On the contrary, it was found that the Fe-based nanoparticles are free of
defects being FCC type.lt is important to note that the amount of silver added was varied
with the aim of establishing different conditions for the heterogeneous nucleation. Further
HRTEM analysis of synthesized particles reveals that the amounts of Ag ions added affect
the dumbbell morphology and the size of the particles. For example, large concentration of
Ag additions leads to larger Ag particles with more crystalline defects in comparison to those
of iron.

Figure 3 a-c Structural features of dumbbell nanoparticles obtained by bright field
TEM images and d) Z-contrast image (HAADF) of Fe;0,-Agdumbbell particles.

On the other hand, the heterogeneous nucleation of Ag on Fe particles was aided by the
presence of small amounts of reducing agent (sodium borohydride) and depending on
amounts of Ag ions addition. The obtained dumbbell type nanoparticles are the result of the
use of small amounts (0.01 M) of silver ions added to the iron nanoparticles.Silver particles
nucleation occurs preferentially in sites where there is another solid formed, not following an
independent nucleation (homogeneous). This result suggests that Ag solution atoms
nucleate in regions where the energy barrier is lower (Fe particles, heterogeneous
nucleation) than other regions of the solution. It is well known that Ag and Fe atoms are
immiscible in the solid state. In this sense, the formation of these pairs of particles could be
influenced by the poor or null solid solubility between iron oxide and silver particles in the
nanometric scale, favoring the mechanism of heterogeneous nucleation of silver on iron.
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As the concentration of Ag ions was increased from 0.01 to 0.02M, the size of Ag particles
nucleates on Fe takes similar dimensions. However, when the concentration of Ag ions
added was 0.04M, Ag nanoparticles follow a homogeneous nucleation. The silver
nanoparticles have average size of 50 nm which is greater than those of Fe particles (25
nm). In this way, it is easily to deduce that the chemical reduction rate of Ag nanoparticles is
higher than iron. Both the highest concentration of silver ions added, as the higher chemical
reduction rate of silver nanoparticles may be the factors which under these conditions the
particles of silver follow a homogeneous nucleation instead heterogeneous nucleation. After
homogeneous nucleation of Ag particles, their particle size and structure observed by
HRTEM images easily denote their presence. This is because that they are greater than Fe
particles and have commonly multiply twinning instead FCC type of Fe-based nanoparticles.
Thus, the formation of these pairs of particles (dumbbell) could only be occurring when the
amount of silver added was relatively smaller.

Figure 4a-b HRTEM images of bimetallic nanoparticles with inter-plane lattices of 2.28
and 3.33 A corresponding to Ag and Fe;0, respectively.

Thus, we can deduce that four factors are contributing to the formation of Fe;O4-Ag
dumbbell nanoparticles: first, smaller amount of reducing agent remainder after the
homogeneous nucleation of Fe-based nanoparticles; second, the used of small amounts of
Ag added to Fe colloidal solution, third the poor solubility of Ag in Fe-based particles and
finally the nucleation of silver particles on the existing Fe particles (heterogeneous
nucleation).

4. CONCLUSION

The chemical reduction by NaBH, offers an effective synthesis route to the formation of
Fe;04-Ag dumbbell nanoparticles. The dumbbell particles formation is the result of the use of
small amounts of silver added to the seeded particles of Fe (0.1 M Fe: 0.01M Ag). HREM
analysis confirms that iron particles during the Ag reduction process were oxidized. We also
reported that the dumbbell nanoparticles formation is influenced by the low solubility of these
two materials and their different nucleation rates.



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

ETHICAL APPROVAL

All authors declare that all experiments and the results obtained are accurate and made
according to the rules of ethics followed by the Michoacan University of San Nicolas of

Hidalgo.

COMPETING INTERESTS

Authors

have declared that no competing interests exist.

REFERENCES

1.

10.

1.

12.

13.

14.

15.

16.

Heng Y, Min C, Philip MR, et. al. Dumbbell-like Bifunctional Au-Fe;O4 Nanoparticles.
Nano lett 2005; (5): 379-382.

Elsukova A, Li Z, Moller C, Spasova M ,et al. Structure, morphology and aging of
Ag-Fe dumbbell nanoparticles. Phys. StatusSolidi A 2011; 1-6.

Liu CH, Zhou ZD, et al. Preparation and Characterization of Fe304/Ag Composite
Magnetic Nanoparticles. Inorg Mater 2008; 44: 291-295.

Chudasama B, Vala AK, et al. Enhanced Antibacterial Activity of Bifunctional
Fe304—Ag Core Shell Nanostructures. Nano Res 2009; 2: 955-965.

Zhang L, Dou Y, Gu HC, et. al. Synthesis of Ag—Fe304 heterodimeric nanoparticles.
J Colloid and Interface Sci 2006; 297: 660-664.

Frey NA, Phan MH, Srikanth H, et. al. Interparticle interactions in coupled Au-—
Fe304 nanoparticles. J applphys 2009; 105: 502.

Dickson K Kirui, Diego A Rey and Carl A Batt. Gold hybrid nanoparticles for targeted
phototherapy and cancer imaging. Nanotechnology 21 (2010) 105105 (10pp).
Haratifar E, Shahverdi HR, et al. Semi Biosynthesis of Magnetite-Gold Composite
Nanoparticles Using an Ethanol Extract of Eucalyptus camaldulensis and Study of
the Surface Chemistry, Journal of Nanomaterials, 2009;962021-5.

Zhai Y, Jin L, Wang P, et. al. Dual Functional Au-Fe304 Dumbbell Nanoparticels for
Sensitive and Selective Turn-on Fluorescent Detection of Cyanide Based on the
Inner Filter Effect. The Royal Society of Chemistry 2011.

Jiao S, Chen Y, Xu M, Zhang Y, et al. Fabrication and magnetic property of a-Fe203
nanoparticles/TiO2 nanowires hybrid structure. Mater Lett 2010; 64: 1704—1706.
Figuerola A, Di Corato R, Manna L, Pellegrino T. From iron oxide nanoparticles
towards advanced iron-based inorganic materials designed for biomedical
applications. Pharmacol Res 2010; 62: 126—143.

Wu W, He Q. Jiang C. Magnetic Iron Oxide Nanoparticles: Synthesis and Surface
Functionalization Strategies. Nanoscale Res Lett 2008; 3: 397—415.

Tamer U, Gundogdu Y, Boyaci HI, Pekmez K, Synthesis of magnetic core—shell
Fe304—Au nanoparticle for biomolecule immobilization and detection. J Nanopart
Res 2010; 12:1187-1196.

Xu C, Yuan Z, Kohler N, Kim J,et. al. FePt Nanoparticles as an Fe Reservoir for
Controlled Fe Release and Tumor Inhibition. J. Am. Chem. Soc. 2009; 131: 15346—
15351.

Zhao N, Li L, Huang T, Qi L. Controlled synthesis of PbS—Au nanostar—nanoparticle
heterodimers and cap-like Au nanoparticles. Nanoscale, 2010; 2: 2418-2423
Selvakannan PR, Swami A, et, al. Synthesis of Aqueous Au Core-Ag Shell
Nanoparticles Using Tyrosine as a pH Dependent Reducing Agent and Assembling
Phase-Transferred Silver Nanoparticles at the Air-Water Interface, Langmuir, 2004;
20: 7825-7836.



238

229
230
231
232
233
234
235
236
237

17.

18.

19.

20.

Ban Z, Barnakov YA, Li F, et. al. The synthesis of core-shell iron@gold
nanoparticles and their characterization. J. Mater. Chem 2005;15: 4660—4662

Sun YP, Li XQ, Cao J, Zhang WX, Wang HP. Characterization of zero-valent iron
nanoparticles. Advances in Colloid and Interface Science 2006;120: 47-56

Lung H, Welliot D, Pang Y. Recent progress in zero-valent iron nanoparticles for
groundwater remediation. J Environ Eng 2006; 16: 371-380.

James T. Nurmi, Paul G. Tratnyek, Sarathy V, Donald R et. al. Characterization and
Properties of Metallic Iron Nanoparticles: Spectroscopy, Electrochemistry, and
Kinetics. Environ SciTechnol 2005; 39: 1221-1230



