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This article investigates a facile one-pot method for the synthesis of Fe and Ag core/shell nano-
particles by aqueous reduction under ambient conditions. We have shown that the injection time of
silver nitrate into a reaction vessel containing aqueous ferrous salt, sodium borohydride, and sodium
citrate is a vital parameter for the precise control of a desired core/shell structure. For example, if
silver nitrate is injected one minute after sodium borohydride is added to the reaction vessel, Ag will
nucleate first followed by Fe, creating monodisperse Ag/Fe core/shell nanoparticles. In contrast, if
the introduction time is prolonged to 5min, Fe nanoparticles will nucleate followed byAg producing
Fe/Ag nanoparticles. The composition, morphology, and magnetic behavior were investigated by
X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), transmission electron microscopy (TEM), and room-temperature vibrating sample magneto-
metry (VSM). Fe/Ag core/shell nanoparticles with optical and magnetic functionality offer broad
opportunities in medicine, catalysis, and chemical detection.

1. Introduction

Bimetallic nanoparticles with a core/shell morphology
offer greater flexibility with enhanced properties as com-
pared to their monometallic and bulk counterparts. The
fabrication of bimetallic core/shell nanoparticles has thus
attracted both fundamental and practical interest due to
their potential applications in areas such as biosensing,
catalysis, cancer therapy, and drug delivery.1-4 Various
types of core/shell structures have been fabricated where
the core or shell consists of metals, semiconductors, and
dielectric materials.5-7 In addition, core/shell nanoparti-
cles with both magnetic and optical properties offer a

range of applications frommagnetic separators to optical
probes and recoverable catalysts.8-11

Severalmultistep syntheticmethods have been reported to
prepare bimetallic nanoparticles, including chemical reduc-
tion, microemulsion techniques, sonochemical reactions,
γ-ray irradiation, and laser ablation.1,12-20 These methods
to create core/shell nanoparticles are typically done by using
presynthesized Ag or Au particles which are then deposited
onto presynthesized iron oxide nanoparticles by the use of
functional groups such as amines and thiols.21 Although
these techniques have shown viability in synthesizing core/
shell nanoparticles, the precise control of morphological
properties is essential for many applications.
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In this study, we utilize a simplistic one-pot aqueous
synthesis of Fe and Ag core/shell nanoparticles using
sodium borohydride and sodium citrate under ambient
conditions. Although Fe/Au nanoparticles have been the
subject of intense research,22-30 recently there has been
increasing interest in the design of Fe/Ag core/shell nano-
particles due to a much larger extinction coefficient of the
surface plasmon band relative to Au.8-10,31 In addition, Ag
nanoparticles exhibit a plasmon band between 390 and
420 nm, whereas Au nanoparticles exhibit a plasmon band
between 520 and 580 nm.32 Therefore, Ag nanoparticles
have the ability to offer new application opportunities that
can rely on thedifferences in thepositionand intensity of the
surface plasmon band, relative to Au.
Recently, Lu et al. reported a two-step process to create

monodisperse Fe/Ag core-shell nanoparticles to achieve
higher saturation magnetization relative to the conven-
tional iron oxide cores.12 However, we report on the for-
mation of Fe/Ag core/shell nanoparticles by a one-pot
method. We have shown that by changing the time in
which the AgNO3 solution is added to the reduction of Fe
nanoparticles, we are able to create eitherAg/Fe or Fe/Ag
core-shell nanoparticles. For example, if silver nitrate is
injected 1 min after sodium borohydride is added to the
reaction vessel, Ag will nucleate first followed by Fe, creat-
ing monodisperse Ag/Fe core/shell structures. In contrast,
if the introduction time is prolonged to 5 min, Fe nano-
particles will nucleate followed by Ag growth producing
Fe/Ag nanoparticles. This work offers not only a facile
one-pot method for creating various types of core/shell
structures by controlling one parameter, but it also has
the ability to be easily scalable for industrial synthesis due
to the inexpensive materials, short reaction times, and
ambient conditions. Because of their potentially useful
optical activity and magnetic properties, we have focused
on the Ag-Fe system, although we believe the general
approach described below may be applicable to other
important materials systems as well.

2. Experimental Section

Iron(II) sulfate heptahydrate (FeSO4 3 7H2O), silver nitrate

(AgNO3), and sodium borohydride (NaBH4) were purchased

from ACROS Organics. Trisodium citrate dihydrate was pur-

chased fromMallinckrodt chemicals. All chemicals were used as

received and without further purification.

Stock 0.5 M AgNO3 aqueous solutions were made and kept

under dark conditions in an amber bottle tomaintain uniformity

between experiments. AgNO3 stock solutions were discarded after

1 week to ensure minimal photodegredation. In each case, the

synthesis was carried out under ambient conditions.

Preparation of Fe nanoparticles. Fe nanoparticles were syn-

thesized as previously reported.33,34 Briefly, to produce consis-

tent spherical Fe nanoparticles, a borohydride to Fe ratio, and

an Fe to citrate ratio were kept at 2:1 and 10:1, respectively.

First, a 2.0 L solution containing 4.6 mM FeSO4 and 0.46 mM

trisodium citrate dihydrate was mixed using magnetic stirring.

NaBH4 (8.8 mM) was added to the mixture and allowed to react

for 10 min. The solution was quenched with ethanol several times

and magnetically separated using a rare earth magnet. After wash-

ing was complete, the remaining ethanol was decanted and the

particles were placed in a vacuumoven at room temperature to dry.

Preparation of Fe/Ag andAg/Fe Core/Shell Nanoparticles.By

varying the injection time of AgNO3 to the reaction vessel

containing sodium citrate, FeSO4, water, and NaBH4, we were

able to manipulate which metal resided in the core and the shell.

Several ratios of Ag/Fe were analyzed as well as times be-

tween the addition of NaBH4 and AgNO3. The Ag precursor

addition time is an important parameter for creating the desired

core/shell structures and will be discussed in detail below. In the

reaction, sodium citrate and iron sulfate are added to 2.0 L of

DI-H2O followed by the addition of NaBH4. The solution turns

from clear to a gray/black color after the addition of NaBH4.

Characterization. The dried powders were characterized

by X-ray diffraction (XRD), transmission electronmicroscopy

(TEM), X-ray photoelectron spectroscopy (XPS), X-ray ab-

sorption spectroscopy (XAS), and vibrating sample magneto-

metry (VSM) for the determination of phase, morphology, and

magnetic properties. XRD measurements were performed using

a PANalytical X’pert pro diffractometer at a scanning step of

0.05� with a 2θ range from 20 to 120� using a graphite mono-

chromated Cu-KR radiation source. Samples were ground

and pressed onto a no background, low volume holder. Room-

temperature magnetometry was performed on a Lakeshore

Cryotonics Inc. model 7300 VSMwith an applied field between

-10 000 and 10 000 Oe. The powders were characterized using

a JEOL JEM2100 transmission electron microscope and imaged

in bright field at an accelerating voltage of 200 keV. Samples

were mounted on a 300 mesh lacey carbon TEM grid. The

particles were first ultrasonicated in solution for about 9 min.

During this time, lacey carbon grids were immersed in chloro-

form for 30 s to dissolve their Formvar-backing layer. After

sonication, a pipet was used to transfer a drop of each nano-

particle solution onto a grid. The grids were then placed on a hot

plate at 50 �C and allowed to dry for an hour. After drying, each

sample was mounted in the instrument. UV-vis absorption

analysis was carried out using a Hewlett-Packard 8453 photo-

diode spectrophotometer. Solutions were prepared in an aque-

ous environment using a quartz cuvette with a 1 cm path length.

X-ray photoelectron spectroscopy (XPS) was performed on a

Thermo Scientific ESCALAB 250 microprobe with a focused

monochromatic Al KR X-ray (1486.6 eV) source and a 180�
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hemispherical analyzer with a 6-element multichannel detector.

The incident X-ray beam was 45� off normal to the sample while

the X-ray photoelectron detector was normal to the sample.

Charge compensation was employed during data collection

using an internal flood gun (2 eV electrons) and a low-energy

Arþ external flood gun. Binding energies of the photoelectron

are corrected to the aliphatic hydrocarbon C 1s peak at 284.6 eV.

A Large area XL magnetic lens with a 500 μm spot size in

constant analyzer energy (CAE) mode was utilized with a pass

energy of 20 eV. Thirty scans per region were taken with a step

size of 0.100 eV. The powdered samples were pressed onto a strip

of indium foil and mounted on a sample holder using double-

sided carbon tape. Fe K edge (7112 eV) XAFS measurements

(encompassing both XANES and EXAFS) were performed at

the MRCAT beamline 10-BM at the Advanced Photon Source

(APS). Samples were measured in transmission mode. The data

quality is represented in the k-weighted spectra (see S1 in the

Supporting Information). The energy of the incident X-rays was

scanned using a Si(111) reflection plane of a cryogenically cooled

double-crystal monochromator. Detailed XAFS analysis can be

found in the Supporting Information.

3. Results and Discussion

Figure 1A-D depicts high-resolution transmission
electron microscopy images. TEM observations indicates
that if the reaction is left to react for 15 min, the resulting
particles are approximately 5 nm Fe nanoparticles encased
in 200 nm bundles(Figure 1a), as reported by others.34

Typically, in an aqueous reaction where sodium borohy-
dride is used as the reducing agent, the resulting Fe nano-
particles are in the form of borides (FeB/Fe2B).

35-37

However, Ekirt et al. have recently found that by adding

a capping agent, such as sodium citrate, the resulting Fe
nanoparticles are in the form of 5 nmbody-centered cubic
(bcc) Fe with a protective citrate layer encapsulating the
particles and preventing oxidation.38 This has been ob-
served and confirmed in our work by both XRD and
VSM data, which show diffraction lines of bcc-Fe and
magnetization saturation values of ∼175 emu/g (see
Figures S4 and S5 in the Supporting Information).
Alternatively, an injection of aqueousAgNO31minpast

the additionofNaBH4 into the reaction vessel results in the
formation of monodisperse Ag core and Fe shell nanopar-
ticles with a total diameter of 12 nm (4 nmAg core and an
8 nm Fe shell) (Figure 1b). The d-spacing of the core was
found to be 2.350 Å, which was measured from the HR-
TEM image. This spacing is consistent with that of the
(111) reflection of face-centered cubic (fcc) Ag.39 Figure 1c
represents an injection of aqueous AgNO3 5 min past the
addition of NaBH4 into the reaction vessel and shows
the formationofFe/Ag core/shell nanoparticles. Lastly, if the
injection of aqueous AgNO3 is prolonged to 15 min, the
formation of 200 nm Fe clusters (as in 1a) with a dis-
continuous shell (islanding) of Ag is shown (Figure 1d).
To gain a better understanding of the structural nature of

the formed core/shell nanoparticles XAFS measurements
were conducted. Figure 2 shows theFeK-edgeXANESdata
of the as-synthesized Ag/Fe core/shell nanoparticles plotted
with spectra collected fromFe3C and fromFemetal foil. The
pre-edge and edge features of the Fe nanoparticles are clearly
different frombccFeandmatchwellwith theFe3C standard.
Postedge features are susceptible to longer-range structure
and appear different from both the Fe3C standard and Fe
foil. Given the 8 nm thickness of the Fe shell of the core/shell
nanoparticles as shown byTEM, the postedge features could
not be unambiguously assigned from XANES. EXAFS
analysis rules out a bcc Fe coordination environment.
However, inclusion of carbon or boron atoms in addi-
tion to Fe atoms in the first shell resulted in statistically
significant improvement in the fitting results of the sample.

Figure 1. High-resolution TEM images of (a) as-synthesized Fe nano-
particles, (b) Ag/Fe nanoparticles showing a clear distinction between the
core (Ag) and shell (FeB/Fe2B), (c) Fe/Ag nanoparticles, and (d) Fenano-
particles with islanding of Ag.

Figure 2. XANES spectra of the Fe/Ag core/shell nanoparticles plotted
with spectra collected from Fe metal foil and Fe3C standards.
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Hence, the two most reasonable models (i.e., carbide and
boride) will be discussed further.
Comparisons of the FT EXAFS data (Figure 3a) of the

Fe nanoparticles to that of bcc Femetal show that the first
FT peak is of much smaller amplitude and shifted to
shorter distances, similar to what is observed by Qadri
et al. with Fe-boride nanoparticles.40 Since FeSO4 was
reduced with borohydride as the starting material, for-
mation of Fe-boride is consistent with the chemical com-
position of the system. An Fe-boride standard spectrum
was not available for comparison. The Ag/Fe spectrum
also showed similarity to the Fe-carbide standard. How-
ever, Fe-carbide can be excluded on the basis of the
chemical composition of the material. Below we discuss
a fitting model based on the observed spectral similarity
between the unknown sample and Fe-boride.
A single Fe shell does not reproduce well with the main

FT peak in a fitting procedure. The inclusion of B atoms
in addition to Fe atoms in the first shell resulted in
statistically significant improvement in the fitting results
of the sample. Fitting parameters for Fe-boride are given
in Table 1.Magnitudes of the Fourier transform data and
fit with the contribution of Fe and B signals are shown
in Figure 3b. Fitting with Fe and B signals result in an
average coordination numbers of ∼3.5 Fe atoms and
∼2.8 B atoms around Fe at an average distance of 2.63
and 2.18 Å, respectively. These distances match well both
with the previously reported crystallography as well as
EXAFS analysis of Fe-boride compounds.40,41 However,

the coordination number reported in our study is smaller
than the typical Fe and B coordination number in FeB/
Fe2B nanoparticles. This can possibly arise from a thin
coating of FeB/Fe2B over a Ag core, consistent with the
TEM results. The lack of second and higher shell struc-
ture in the Fourier transform of the sample (Figure 3a) is
also consistent with a thin disordered Fe-boride coating
over a Ag core. Since the Fe-Fe distance reported in this
study (2.63 Å) falls in the distance range seen for bothFeB
(2.62-2.95 Å) and Fe2B (2.40-2.72 Å), the EXAFS anal-
ysis cannot unequivocally distinguish between the for-
mation of FeB from Fe2B coating over the Ag core.41

Figure 4a presents the XPS survey scan of freshly pre-
pared Fe/Ag core/shell nanoparticles. The photoelectron
peaks reveal that the nanoparticle surface consists of
mainly Ag, O, C and Fe, as well as trace amounts of B.
C1s and O1s regions scans suggest that the nanoparticle
surface contains some adsorbed citrate, which is consis-
tent with literature.38 Two peaks at∼192 and∼188 eV in
the B1s region spectra could be due to a oxidized boron
(borate) adsorbed on the surface or B from FeB/Fe2B,
respectively. Both of which are common with borohy-
dride reduction.42DetailedXPS region scans for Fe2p are
shown in the Supporting Information (Figures S2 and S3).
Shakeup and satellite peaks can be seen at 712 and
716 eV.43,44 Literature suggests that the smaller peak at
706.82 eV, which typically corresponds to elemental Fe

Figure 3. (a)ComparisonofFourier TransformEXAFSspectra ofFe foil andAg/Fe; (b) FourierTransformmagnitudeof the dataand the fit plottedwith
the contributions of Fe and B signals.

Table 1. Fitting with Fe and B Paths

path N R (Å) σ2 (� 10-3 Å-2) χv
2 R factor Eo (eV)

Fe-B 2.82( 0.14 2.18( 0.01 15.5a
67 0.0014 -5.9 ( 1.8Fe-Fe 3.52 ( 0.21 2.63( 0.01 11.8a

aFixed to best fit value.
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could also be also associated with FeB/Fe2B.
45-50 Table 2

lists the binding energies of the Fe and B core levels ob-
served at various AgNO3 introduction times and is com-
pared to the literature core level values. Binding energy
shifts for the corresponding elemental Fe and boride core
levels are very small (within 0.3 eV) and the B1s level
binding energies are very similar, making the identifica-
tion of elemental Fe and FeB/Fe2B very difficult, espe-
cially because the literature values for elemental Fe shift
from 706.9 to 707.4 eV. Photoelectron peaks at∼710 and
∼721 eV correspond to the binding energies of Fe 2p3/2
and 2p1/2 for Fe

2þ, respectively. Figure S5 in the Supporting
Information describes how the amount of Fe2þ decreases
depending on the introduction time of AgNO3. For
example, the particles that were formed after one minute
AgNO3 introduction formed Ag/Fe core/shell structures.
Using the information from the TEM data, which sug-
gests an 8 nm shell, it can be hypothesized that the
reactivity of the Fe is increased, resulting in the surface
of the nanoparticle to become easily oxidized, thus having
a larger intensity of Fe2þ. However, the particles that
were formed after 5 min of AgNO3 introduction formed
Fe/Ag core/shell structures, whereas in this case, the Ag
would prevent the surface of the Fe from being oxidized.

Inaddition, an increase in the intensityof the∼707eVpeak
is seen at various AgNO3 introduction times. This increase is
due to the different core/shell formations. Figure 4b is a
representative atomic percentage of the core level Ag3d and
the Fe2p regions associated with either elemental Fe or FeB/
Fe2B as a function of different introduction times ofAgNO3.
The atomic percentage was derived from integrated peak
areas using standard sensitivity factors and is corrected for
the differences in the photoelectron escape depth for both
Ag3d and Fe2p. What this suggests is that the surface
composition of Fe2p is changing because of the formation
and growthofAgnanoparticles on the surface. These results,
along with the other characterization techniques, suggest the
formation of Fe/Ag core/shell nanoparticles.
Figure 5 shows UV-vis absorption data of the synthe-

sized Fe/Ag, Ag/Fe, Fe nanoparticles, and Ag nanopar-
ticles showing various plasmon absorption properties.
The absorption band of the pure Ag nanoparticles syn-
thesized by the citrate/borohydride method is centered at
410 nm, and is consistent with the literature values.51-54

A plasmon shift in the absorption band to 380 nm is seen
along with a broadening of the band for Fe/Ag core/shell
nanoparticles and is due to the small surface layer ofAg.55

Similar absorption properties are seen when comparing

Figure 4. (a) XPS survey scan of a representative Fe/Ag core/shell nanoparticle. (b) Atomic percentage of Fe2p (blue) and Ag3d (red) as a function of
AgNO3 addition time determined by survey scans and standard sensitivity factors. The plotted solid lines are intended as a guide to the eye.

Figure 5. UV-vis absorption spectra of the Fe/Ag (solid blue line), Ag/
Fe (solid green line), pure Ag (dotted black line), and pure Fe (solid red
line) nanoparticles.

Table 2. XPS Binding Energies of FeB, Fe2B, and Elemental

Fe Core Levels

literature observed

Fe2p Fe2p

1/2 3/2 B1s 1/2 3/2 B1s

Fe 720 706.9-707.4 1 min 719.5 706.9 187.77
FeB 720.3 707.2 188.1 5 min 719.98 707 187.84
Fe2B 720.2 707.1 188.1 10 min 719.77 706.98 187.92

(45) Johnson, O.; Joyner, D. J.; Hercules, D. M. J. Phys. Chem. 1980,
84, 542.

(46) Joyner, D. J.; Hercules, D. M. J. Chem. Phys. 1980, 72, 1095.
(47) Joyner, D. J.; Johnson, O.; Hercules, D. M. J. Am. Chem. Soc.

1980, 102, 1910.
(48) Joyner, D. J.; Johnson, O.; Hercules, D. M. J. Phys. F: Met. Phys.

1980, 10, 169.
(49) Joyner, D. J.; Johnson, O.; Hercules, D. M.; Bullett, D. W.; Weaver,

J. H. Phys. Rev. B 1981, 24, 3122.
(50) Joyner, D. J.; Willis, R. F. Philos. Mag., A 1981, 43, 815.
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the synthesized pure Fe nanoparticles with theAg/Fe nano-
particles, consistent with the formation of a Ag core. In
addition, the absorption spectra of the synthesized pure
Fe nanoparticles are similar to literature data and consists
of two small bands at 200 and360nm.56Thebandat 200nm
corresponds to the citrate ion while the band at 360 nm
corresponds to the small Fe nanoparticles.57

4. General Discussion

The above results suggest that the formation of differ-
ent core/shell structures are determined by the various
introduction times of AgNO3 to the reaction vessel after
the NaBH4 addition. Scheme 1 depicts how the introduc-
tion of AgNO3 at different times after the addition of
NaBH4 creates various core/shell structures.
These results can be explained by the differences in the

reduction potentials for Fe2þ and Agþ in an aqueous
solution (E�Fe2þ/Fe

0= -0.41 V vs SHE; E�Ag
2þ

/Ag
0=

þ0.80 V vs SHE).58,59 In this sense, for the 1 min
introduction time afterNaBH4 addition, theAg is formed
by classical homogeneous nucleation and growth result-
ing in 4-5 nm spherical nanoparticles. These Ag nano-
particles serve as nucleation sites for the Fe nanoparticles
to grow, which simulates a heterogeneous nucleation and

growth process.52,53,57,60-62 For the 5min reaction, the Fe
nanoparticles have already formed and therefore act as
nucleation sites for the Ag nanoparticles to form and
grow, creating an Fe/Ag core/shell nanoparticles. Lastly,
the 10 min introduction of AgNO3 produces∼150 nm Fe
clusters, as previously reported.34 These Fe clusters again
act as nucleation sites for the Ag to form. This scenario
creates islands of Ag nanoparticles on the larger Fe
clusters.
Although we were unable to definitively determine if

the Fe nanoparticles formed were that of elemental Fe,
FeB, or Fe2B, the room temperature VSM data shows
that the particles do in fact have a high magnetization
saturation (Ms) over 150 emu/g for the 10min addition of
Ag (see Figure S5 in the Supporting Information). This is
a higher value than any previously reported FeOx/Ag or
iron boride nanoparticles. For the purpose of this study a
saturation magnetization (Ms) was determined by plot-
ting a magnetization versus 1/H and extrapolating to the
point where 1/H is equal to zero. The samples prepared
with silver nitrate injection times of one minute and five
minutes after NaBH4 addition show a saturation magne-
tization of 105 and 126emu/g, respectively. The changes
in themagnetization can be explained by the formation of
various core/shell morphologies.

5. Conclusion

We reported on a one-pot aqueous synthesis of Fe/Ag
and Ag/Fe core/shell nanoparticles synthesized using
sodium borohydride and sodium citrate under ambient
conditions. Fe/Ag core/shell nanoparticles with optical and
magnetic functionality offer broad opportunities in medi-
cine, catalysis and chemical detection. On the basis of
TEM, XAS, and XPS characterization, we demonstrated
that varying the addition times of silver nitratewewere able
to form various core/shell morphologies consisting of Fe
and Ag. For example, if silver nitrate is injected 1 min after
sodium borohydride is added to the reaction vessel, Ag will
nucleate first followed by Fe, creatingmonodisperse Ag/Fe
core/shell nanoparticles. In contrast, if the introduction
time is prolonged to 5 min, Fe nanoparticles will nucleate
followed by Ag producing Fe/Ag nanoparticles. This work
demonstrates a facile route to chemically manipulating the
formation of core/shell nanoparticles and can be tailored to
other core/shell systems with relative ease.

Acknowledgment. The authors acknowledge the use of the
Centralized Research Facilities in Drexel University’s College
of Engineering and the MRCAT at the Advanced Photon
Source, which are supported by the United States Department
of Energy, Office of Science, Basic Energy Sciences Division,
and the MRCAT member institutions. This research was also
supported in part by the VCUNanomaterials Core Character-
ization Facility, School of Engineering Foundation, and a
Grant from NSF CHE-0820945 MRI (XPS).

Supporting Information Available: Experimental procedures

and additional figures (PDF). This material is available free of

charge via the Internet at http://pubs.acs.org.

Scheme 1. Proposed Reaction Scheme for the Reduction of
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Various Times after the Addition of NaBH4 Produced Various

Core/Shell Morphologies
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