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ABSTRACT

In the present work, an attempt has been made to coat the magnetic nanoparticles of iron oxide with the noble metal
silver via a solvothermal approach. The synthesized particles are characterized by X-ray diffraction (XRD),
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). The optical and magnetic
properties are investigated by UV-Vis-Spectrometer and Vibrating Sample Magnetometer (VSM). In the X-ray
diffractogram, the absence of the peaks of iron and the presence of only the prominent peaks of silver confirmed the
formation of iron oxide core/silver shell nanoparticles. The SEM image clearly indicates the coating of iron with
silver. The Energy Dispersive X-ray Analyzer (EDX) spectrum evidences the high purity of the samples. The TEM
images confirm the nanoparticles formation and the FesO4/Ag core/shel structure. The UV spectrum and the

magneti zation curves indicate that the resulting samples have a modified optical and magnetic properties compared
to the parent material.
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INTRODUCTION

Magnetic particles of nanometer scale are of grgatest due to their technological applicationeede particles
with size approaching single magnetic domain fimeirt applications in magnetic data storage, magmetiording,
biomedical field, etc., [1,2]. Particularly, in Magtic Resonance Imaging (MRI) they can be exploitedrovide
effective contrast agents. Magnetite B¢ is an attractive material and due to its stroragnetic properties it has
gained significant attention in biotechnology arid-imedicine. However, the iron oxide nanopartidlests pure
form are not stable and therefore need to be cagithdstable metals. Especially, coating with nolietals such as
gold (Au), silver (Ag) and platinum (Pt) is prefedr due to their unique electronic and catalyticpprtes
[3-5]. The resulting precious hybrid materials rwily retain their individual magnetic, semicondagtiand
plasmonic properties but they also exhibit enharaq@ctal, magnetic and catalytic properties whempared with
their individual single component materials [6].

In the present work, efforts have been made to toatFgO, nanoparticles with noble metal silver. From

application point of view, coating with Ag is prefed because it is cheaper than Au and can begocated into
products that range from photovoltaics to biologiead chemical sensors [7-9]. An increasingly commo
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application of Ag nanopatrticles is its employmeat &ntimicrobial coatings and many textiles, keylsaand
wound dressings. Biomedical devices now containnAgoparticles that continuously release a low |lefdilver
ions to provide protection against bacteria [10-M8hen the Ag nanoparticles were used to form lybraterial
with the FgO, nanoparticles, in addition to the above mentionexpgrties they acquire some magnetic properties,
which make them special in biomedical applications.

There are a few interesting works reported in iteedture which are related to the synthesis ofikybanomaterials
involving FeO, and Ag. Shichuan Li et al. (2014) have synthesigtFe;0, nanocomposites by electroless silver
plating technique and demonstrated that the indcgaragnetic nanocomposites possess excellent tieléoss,
good magnetic loss at 2 GHz to 5 GHz and also tifaared reflection characteristic [14]. Shujun Yuaé (2013)
have prepared an immunosensor with Aglzenanoparticles and employed it for the detectiokafamycin [15].
Ling Chen et al. (2014) have reported high serigjtifior the detection molecular biothiols using ttheorescein
isothiocyanate (FITC) functionalized magnetic cehell FgO,/Ag hybrid nanoparticles [16]. Recently, Benyang
Wangand Shiliang Qu (2014) have evaluated the elefitid enhancement factors of Au and AgBgdimers and
reported that the presence of the magnetite narosiginificantly alters the amplitude distributiohtbe enhanced
electric field of the metal nanosphere especiallzurface Plasmon Resonance (SPR) region [17].

Altangerel Amarjargaét al. (2013) have successfully prepared core-gtigiFe;0O, nanocomposites by modified co-
precipitation route followed by a facile hydrothentreatment in one-pot synthesis without adding eaducing
agent [18]. Zhang Ling Yan et al. (2013) have preddgO,-core@Ag-shell nanoeggs using thiol as cappingtagen
and by reducing aliquots of AgNG@olution using NaBllas a reducing agent. The as-preparefDf-eore @Ag-
shell nanoeggs are proposed to detect fingermarldifterent surface, with which the fingermarks danviewed
directly due to the clear ridge detail [19]. JumkSlang et al. (2009) have developed Agllenanocomposite
photocatalysts and proved that the improved comdtycof Fe,O; was due to the presence of Ag metal [20]. E.
Iglesias Silva, et al. (2007) have synthesizecesiboated magnetite nanoparticles by microemulgohnique and
observed a large decrease in the magnetizatiainéofg coated R©, nanoparticles as compared to the pur®Oie
nanoparticles [21].

In this work, a simple co-precipitation method Haeen adopted to synthesize silver andOgenanoparticles
separately. The nanoparticles suspension is theach@ind subjected to solvothermal treatment toiolke hybrid
Fe;04/Ag nanoparticles using common precursors. Thehggié procedure employed a non-toxic and bio-fliend
reducing agent (glucose) for coating the@eNPs. The synthesized nanoparticles are charaatetigepowder
XRD, SEM and TEM. The optical properties are stddy UV-Vis and FT-IR spectroscopic techniques #rel
magnetic measurements are taken with VSM. The @iylmihoparticles prepared by our method are of pigity,
noble in character due to its coating by silver ane magnetic even after coating with silver antilgk good
optical behavior.

MATERIALSAND METHODS

2.1 Chemicals used

FeCk, AgNQOs, ethanol, urea, NaOH, PEG and chloroform were hased from Merck Specialties Pvt. Ltd.,
Mumbai and FeGl4H,0O was purchased from LOBA CHEMIE, Pvt. Ltd., Chenfdey were used as received
without further purification.

2.2 Experimental

2.2.1 Synthesis of Fe;04 nanoparticles

A simple co-precipitation method was used to prephe FgO, nanoparticles. Fegand FeCl- 4H,0 were taken in
the ratio of 2:1 and then dissolved in 100 ml ofligore water. The solution was stirred for 15 raimd then the pH
of the solution was adjusted to 9 by the drop-vasilition of NaOH. It resulted in the formation ofbéack
precipitate and thus confirmed the formation of@z@anoparticles. By employing this procedure, 5 mMagdfieous
solution of FgO4,nanoparticles was prepared. The resulting solwias labeled as A.

2.2.2 Synthesis of Ag nanoparticles

Aqueous solution of Ag was prepared in two différamolar concentrations (10 mM and 20 mM) using tbe
precipitation method. In order to prepare 10 mMAgf a solution with 10 ml of AgN@was taken and 5 ml of urea
was slowly added. The resulting solution was miwéith 4% PEG 4000 and then 20 mM of glucose solutias
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added drop wise. NaOH solution was also added diiep till an aqueous solution of Ag in nanoformfasmed.
Similar procedure was adopted for the preparatio2omM of Ag solution. The 10 mM and 20 mM aqueous
solutions of Ag were taken as solution B and Gpeetively.

2.2.3 Yynthesis of Fe;0,/Ag nanocomposites

Solution A was poured into solution B and stirrexhty for about 15 min. The resulting black colossdution was
then transferred to a Teflon-lined autoclave. Tveanples were prepared. In the first case, the maito of
Fe;04/Ag was kept as 1:2. For the second sample, thamatio of FeO, and Ag was maintained as 1:4. Solution
A was poured into solution C and stirred for a fenmnutes, it was then transferred into another Tefioed
autoclave. Both the autoclaves were kept in thedce at 250° C for 4 h, then the autoclaves weoteddo room
temperature and the products were washed with veatércentrifuged. The samples collected from thst find
second autoclaves were labeled as AgFNP1 and AgFHeBRectively.

2.3 Characterization techniques

The powder XRD patterns for the as-prepared hyhifk$ were recorded by a Rich Seifert, X-ray diffoaceter
using monochromatic nickel filtered CykA= 1.54164) radiation. The optical property was studied frtine
absorption spectrum in the spectral region of 200800 nm, using a UV-Vis-NIR VARIAN CARY 5E
spectrophotometer. Perkin Elmer Spectrum FT-IRrimsent was employed for recording the FT-IR spewotru
Freshly prepared nanopowder was mixed with KBr peltetized using a hydraulic press and then thetapa was
recorded in the wavelength ranging from 450 to 4660). Scanning electron microscopic (SEM) analysis was
performed using a JEOL JSM 6310 operated at 100ARL ZEISS SIPRA 55 FieldEmission Scanning Electron
Microscope (FESEM) that can be operated at vanolisiges from 0.5 kV to 20 kV with Energy DispeesiX-ray
Analyzer (EDX) was also employed for morphologistldy and elemental analysis. The morphology apel af
the NPs were determined from the TEM images recbostea JOEL JEM 3010 at an accelerating voltaggOdfV.
Magnetic measurements were carried out with theeL8kore Cryotronics, Inc. Vibrating Sample Magnettan
(VSM).

RESULTSAND DISCUSSION

3.1 X-ray diffraction study

The formation of the hybrid F®4/Ag NPs of AgFNP1 and AgFNP2 nanoparticle was confirragdhe powder
XRD diffractograms (Fig. 1a and b). All the promimgeaks at the respective 2alues of 38.1625 44.3314 ,
64.4467 and 77.4078can be conveniently indexed to the (111), (20220f and (311) planes of zero-valent silver
having face centered cubic structure with spacemiem3m (JCPDS card no : 044-0783). The crystadiite for
both the samples was estimated based on the fdihviialf maximum values of the (111) and (200) geaading the
Scherrer equation. The fact that the diffractioaksefor FeO, are observed to be weak and less prominent than the
Ag peaks is a strong evidence for the complete remeeof the F, particles by AgNPs supporting the formation
of F&O4/Ag core-shell NPs. In an earlier work, Xian Minguland Ying Shun Li (2009) have also obtained low
strength of FgD, reflection in the XRD pattern and reported thas ilue to the heavy atom effect arising from silver
[22].
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Figure 1(a) Powder XRD pattern of AgFNP1
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Figure 1(b) Powder XRD pattern of AQFNP2

3.2 UV-Vis Absorption Spectroscopy

Figure 2 depicts the UV-vis absorption spectralfare Ag and bare g®, NPs along with AgFNP1 and AgFNP2
nanocomposites. It is evident from the spectra thatbare Ag NPs possesses low absorption whetteadare
Fe;0, NPs exhibits high optical absorption. Interestinglye FgOJ/Ag nanocomposites possess an intermediate
level of optical absorption. For pure Ag NPs, theaption peak corresponding to the SPR is obsea885 nm in

the near UV region. In the case of Ag coated nartimbes, the absorption peaks positioned at 375anch 365 nm
are due to the Ag SPR band, confirming the presefsdver in both the AgFNP1 and AgFNP2 nanoconitpes
This band is shifted to a higher wavelength in carigon with pure Ag NPs (355 nm). Similar such SiRRd red
shift phenomena had been reported fosCg\g nanocomposites by a few research groups [23-BBils result
could be due to the charge transfer between Agasidshe FgO, NPs in a nanocomposite system. Thus the tuning
of the SPR red shift could open the door to thestigwment of advanced materials [23]. Further, tifRiénce of
particle size on SPR absorption of Ag changing froatet to the red end of the spectrum has beeesitigated in
the past. As the particle size increases, the pémdmon resonance shifts to longer wavelengthsbmoddens.
Accordingly, when the particle size becomes gretitan 80 nm, in the UV-vis absorption spectrumeeosdary
peak is visible at a shorter wavelength than thmamy peak. However, in the present investigatiwe, could
observe only a single sharp peak. Thus, the obseevaf SPR absorption at 350 nm in our samplecatel$ that
the size of the AgNPs is below 10 nm, this is @eiolent from our TEM result. Thus the optical alpsion study of

the nanocomposites prepared in this work provestiieeoptical property of Ag being induced into #&0,NPs.
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Figure 2 UV-Vis absor ption spectrum of Fe;04, Ag, AGFNP1 and AgFNP2

3.3 FT-IR analysis
In the FT-IR spectra (Figure 3a and b) of AgFNP# &yFNP2, the band around 3400 tiis due to the —OH

stretching vibration corresponding to absorbed @HAg coated F€, nanoparticles [26]. The band seen around
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570 cm' is attributed to the stretching vibration of FefZY]. The peak positioned at 1610 ¢mepresents the
vibrating peaks of OH functional group of the PE®e band between 1050-1070 tis due to C—O-C stretching
[28]. The bands between 1750 to 500 care generally due to-€©, C-C and Fe-O vibrations [29]. The peak
observed at 2930 c¢incan be assigned to —CH stretching [28]. It is vikelbwn that Ag nanoparticles do not have
absorption in IR region [30]. Due to Ag nanopasilcoating, a new band around 940'dmseen which implies
the formation of Ag/F¢D, nanocomposites.

Figure 3 (a) FT-IR spectrum of AgFNP1
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Figure 3 (b) FT-IR spectrum of AQFNP2

3.4 SEM and EDX analysis

To further confirm the formation of AgFNP1 and AgPR& hybrid nanocomposites, the typical surface naggy
was examined by SEM. The elemental compositiothefnanocomposites was determined from the EDXtspec
collected during the SEM imaging. Figures 4a arilfultrates the SEM images and EDX spectra of AgENRd
AgFNP2. The micrographs reveal that surface ottiaposites is not glossy, indicating that silvemayzarticles are
attached to R®, nanospheres. The tiny spherical Ag NPs are adharéarmly on to the surface of large spherical
aggregates of E®, NPs. One could clearly visualize from the brighotspin the SEM micrographs that there are
two different NPs welded together.

The EDX spectra of the samples confirmed the elémhaignature in the composite. The EDX spectrg.(&) of
AgFNP1 nanocomposites identify the 83.24% of(zeand 16.76% of Ag by mass and thus confirming thgh hi
purity of the sample. However, the EDX spectra (Bgrecorded with FESEM shows nearly 1% impurdy the
same sample. The inclusion of impurity during pineparation of Ag/F©, nanocomposites has been reported in
the literature and samples containing more thar®o6iBpurity were obtained [19,22,31]. Thus the pn¢se
investigation demonstrates the high purity of tlemotomposites synthesized via co-precipitation leslipvith
hydrothermal approach. In the AgFNP2 nanocompaditespercentage of Ag is found to be more duééaéason
that the concentration of Ag was initially higherdahe level of coating is also better in this skmp
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Figure 4 (a) SEM images and EDX spectrum of AgFNP1
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Figure4 (b) SEM imagesand EDX spectrum of AgFNP2

3.5 FESEM and EDX analysis

Figure 5a shows the FESEM images AgFNP1 and AghiNPBcomposites. It is noticed from the images titexte
is no unwrapped core or separate irregular pastieldich indicates the homogenous distributionnaf phases. The
observed FESEM images provide evidence for the dtion of tiny spherical aggregates as well as lasgéerical
aggregates. The uses of ferrous salt and Aght@e led to the formation of fine nanocompositgiglas of high
dispersion with spherical morphology [18].
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Figure5 (a) FESEM images and EDX spectrum of AgFNP1
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Figure5 (b) FESEM images and EDX spectrum of AgFNP2

3.6 TEM analysis

The morphology and the size of AGgFNP1 and AgFNP&\Vierther examined by TEM. Figures 6a and 7b stiawv

TEM images of the samples at two different magatfans. Liquid (water) suspensions of the samplesew
dropped on to the form various coated grids. Thagies clearly illustrate the formation of quantuntsd@he dark

colored nanopatrticles represent thg(zenanoparticles coated with Ag nanoparticles andbttight ones indicate
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uncoated F, nanoparticles. Both @, and Ag crystallize in fcc structure and are sptedrand thereby favors
the formation of Ag shell over the & core. In AQFNP2 sample, the proportion of Ag isreyas a result the
silver layer grows well over the K&, core. The size of the core is found to be aroumdmand 5 nm for the
AgFNP1 and AgFNP2 nanocomposites.

Figure 6 (b) TEM images of AgFNP2

3.7 Magnetic Char acterization

The M-H curves recorded at various temperature& (300K, 150K and 200K) and the ZFC-FC magnetizatio
curves for AQFNP1 and AgFNP2 are shown in Figuresmd 8. The room temperature M-H curves for thes bar
Fe;0, along with AQFNP1 and AgFNP2 nanoparticles are abkown in Fig. 9. The nanocomposites exhibit
ferromagnetic behavior with Mvalues of 6.7585 emu/g and 2.9 emu/g (at room ¢eatpre) for AgFNP1 and
AgFNP2, respectively. A clear decrease in the asitm magnetization of at least 5 times smallentthee bare iron
oxide nanoparticles is evident for the Ag coatedaparticles. The decrease in the saturation magaiieth for both
the AgFNP1 and AgFNP2 nanoparticles as comparétetbare F€,nanoparticles is due to the contribution of the
silver nanoparticles to the overall mass. It maodbe considered as a result of decrease in theetiagurface
anisotropy (K) due to the coating formed by the silver nanopkasi E. Iglesias-Silva et al. (2007) have synttezbi
silver coated magnetic nanoparticles and obtaiimadas such results [21]. Only a slight decreas¢hia saturation
magnetization was observed in the silver coatednei@gnanoparticles synthesized by Mahuri Mandall.e2005)
[32]. Youyi Sun et al. (2011) have synthesizedds8Ag core-shell composite nanoparticles with Walues of 1.25
emu/g and 0.96 emu/g farFe,0; anda-Fe,0s/Ag composite nanoparticles, respectively [31].

Also, from the curves it is seen that the saturatitagnetization () for both the samples decrease as the room

temperature is approached. It is also seen th#heasemperature increases, the values of the aitgreind the
retentivity decrease but do not attain the zeraezakurther from the ZFC and FC plots, it is eviddiat both the
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curves diverge near the room temperature and thekkiemperature is near the room temperature. i b
possible to get the absence of hysteresis abovetime temperature. Thus our result indicates thatbating of the
noble metal Ag on R®,nanoparticles modifies its magnetic property.
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Table 1 Saturation magnetization, retentivity and coer civity values at different temperatures

Sample  lemperature Ms - Retentivity Coercivity

(K) (emu/g) (emu/g) (Gauss)
50 44.768 18.780 664.49
100 44,616 17.831 607.77

Bare Fe;0, 150 44507 17.512 585.63
200 44.325 16.626 543.15
300 40.300 13.130 381.63
50 9.801 3.329 2033.80
10C 9.45: 2.59: 1227.1(

AgFNP1 150 8.928 2.108 909.38
20C 8.27( 1.70C 696.1¢
300 6.759 1.174 492.37
50 5.385 0.936 406.48
10C 4.80: 0.77¢ 385.8(

AgFNP2 150 4.260 0.687 382.32
200 3.765 0.615 377.35
300 2.900 0.517 371.91

CONCLUSION

A facile and efficient co-precipitation method foNed by solvothermal approach was successfully Idped for
coating Ag noble metal over k&, NPs. XRD and TEM results authenticated the nanasizbe particles and their
coatings. The SEM pictures along with the EDX speutshow the coatings of the #8 with silver and confirmed
the high purity of the synthesized nanocompositd® VSM studies reveal that the magnetic propengnges
significantly for the Ag coated particles in comipan to that of the parent f&& NPs. The structural and elemental
analysis along with the optical and electron micopy studies confirms a near core-shel§@z6Ag hanocomposite
formation. Further, the magnetic and optical stsidiscertain that the nanocomposites of AgFNPlarieNR@ are
optically and magnetically active materials. Th@e@mposites synthesized in this work have the @oatibbn of
good magnetic properties with optical characteriatid hence they will serve as useful materiabfiplication as a
recyclable magnetic carrier with antimicrobial aradalytic properties.
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