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Abstract The SiO2–Fe3O4 core–shell nanostructures were synthesized by sol–gel chemistry. The morphological features

of the nanostructures were examined by field emission scanning electron microscopy which revealed the core–shell nature

of the nanoparticles. X-ray diffraction studies evidenced the formation of SiO2–Fe3O4 core–shell nanostructures with high

degree of homogeneity. The elemental composition of the SiO2–Fe3O4 core–shell nanostructures was determined by

energy-dispersive X-ray spectroscopy analysis. Fourier transform infrared spectroscopy showed the Si–O–Fe stretching

vibrations. On analysis of the optical properties with UV–Vis spectra and Tauc’s plot, it was found that the band gap of

SiO2–Fe3O4 core–shell nanostructures diminished to 1.5 eV. Investigation of the electrical properties of the core–shell

nanostructures using field-dependent conductivity measurements presented a significant increase in photoconductivity as

compared to those of its single components, thereby rendering them as promising candidates for application as photo-

electrodes in dye-sensitized solar cells.

KEY WORDS: Nanostructures; Sol–gel chemistry; Optical properties; X-ray diffraction; Electrical

properties

1 Introduction

Recently, nanostructured materials have received consid-

erable attention due to their intriguing physical and

chemical properties with wide range of applications in

various fields [1, 2]. Core–shell nanostructures constitute

an important group of nanomaterials. Nanoshell particles

are highly functional materials with tailored properties,

which are quite different than either of the core or the shell

material. Indeed, they show modified and improved prop-

erties than their single-component counterparts or nanos-

tructures of the same size. Therefore, nanoshell structures

are preferred over nanostructures. Their properties can be

modified by changing either the constituting materials or

core-to-shell ratio [3]. Core–shell nanostructures of metal

oxide semiconductors (MOS) have attracted much atten-

tion because of their most fascinating tunable applications.

Enhancement of quantum yield observed in such structures

was attributed to effective passivation of surface traps by

formation of the shell [4], whose thickness is an important

parameter in manipulating optical properties [5]. Other

than enrichment of optical properties, core–shell nanos-

tructures show very high reactivity in photochemical

reactions compared to core nanoparticles [6, 7]. Silica

nanoparticles are commonly used as core material to host

guest shell structures [8]. In recent years, synthesis and
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characterization of Fe3O4 nanoparticles (NPs) have been

reported and used in various fields, such as information

storage [9], drug delivery and targeting [10], and magnetic

separation, because of their magnetic and electrochemical

properties [11]. These magnetic nanoparticles have a large

specific surface area [12] that can be effectively modified

to attach dye molecules in dye-sensitized solar cells

(DSSCs). The literature reveals increasing interest in new

designs of the core–shell configurations such as SiO2–ZrO2

[13], SiO2–TiO2 [14], Fe3O4–SiO2 [15, 16], SiO2–poly-

pyrrole [17], FePt–Fe3O4 [18], a-Fe2O3/Fe3O4 [19] and so

on. SiO2–Fe3O4 is a type II core–shell nanoparticle where

the narrow band gap shell material is grown over the wider

band gap core material. The enhanced control over carrier

distribution afforded by materials proves useful for many

applications, such as photovoltaic and photoconduction

devices [20]. The synthesis procedure plays a crucial role

in controlling the size and shape of the nanostructure and

hence detecting different properties of the material [21].

The sol–gel technology is very efficient in producing var-

ious functional materials in which particle size, porosity,

thin layer thickness, separation of particles with different

composition and structures may be controlled, thereby

leading to successful applications [22]. The key objectives

of the work were to synthesize SiO2–Fe3O4 core–shell

nanoparticles and their single components by sol–gel route

to study the surface morphology, phase identification,

chemical bonds and structure, and optical absorption

properties of the as-synthesized samples using FE-SEM,

XRD, FTIR and UV–visible spectroscopy, respectively,

and to record and analyze the photoconducting property of

the samples in order to determine their suitability as elec-

trodes in solar cell applications.

Though there have been several reports on core–shell

nanostructures, the present work, wherein SiO2 core par-

ticles were coated with a Fe3O4 shell layer using the sol–

gel approach, is a novel nanosystem ever attempted before.

The field-dependent dark and photoconducting nature of

the core–shell nanoparticles which is seldom probed pro-

vided important insights into the transport behavior of the

system favouring an increase in the photoinduced current,

for possible photovoltaic applications. The findings repor-

ted herein gain significance as certain unique associations

between key parameters of the nano-core–shell system

such as morphology, size, energy gap and optoelectrical

properties have been established with them.

2 Experimental

The sol–gel process is a bottom–up, wet-chemical tech-

nique widely used in material research related to science

and technology applications, in particular for metal oxide

nanoparticle synthesis. This process is a combination of

two steps, hydrolysis and polycondensation of suit-

able molecular precursors (usually metal alkoxides or

chlorides), which leads to the gradual formation of the

solid-phase network [23]. The main benefits of sol–gel

chemistry are the high purity and uniformity of nanos-

tructures achievable at low temperatures and the possibility

of using different precursors [24].

2.1 Synthesis of SiO2 and Fe3O4 Nanoparticles

Monodispersed spherical SiO2 core nanoparticles were

synthesized by sol–gel method. The solution of tetraethyl

orthosilicate Si (OC2H5)4, which is the precursor, was

added dropwise into the solvent isopropyl alcohol and

stirred for 30 min. Hydrolysis of the precursor resulted in

the formation of hydrated silicon hydroxide which subse-

quently undergoes condensation to form –Si–O–Si– bonds.

The rate of hydrolysis was minimal at neutral pH, and as

the pH increased, rate of hydrolysis also increased and so

dropwise addition of 1 mol NH3 solution was done under

stirring. When sufficient Si–O–Si bonds were formed in a

region, the sol formation occurred. With time, the sol and

condensed species link together to form a three-dimen-

sional network and gelation happens. The resultant solution

was stirred for 24 h and kept for 1-day aging and then

filtered in order to remove any particulates. The precipitate

was washed several times with distilled water and dried in

oven for 24 h to remove the solvent. Removal of residual

organics and the stabilization of the materials were done by

calcination for 4 h at 400 �C [25, 26]. In the same manner,

Fe3O4 nanoparticles were synthesized by changing the

precursor to anhydrous ferric chloride (FeCl3).

2.2 Synthesis of SiO2–Fe3O4 Core–shell

Nanoparticles

The synthesis of SiO2–Fe3O4 nanoparticles was carried out

in the manner as described below using sol–gel method.

The silicon dioxide nanoparticles synthesized by the above

procedure were dispersed in isopropyl alcohol, and a

solution of ferric chloride in isopropyl alcohol was added

to the above reaction medium dropwise and stirred for

30 min in order to form Fe3O4 shell over SiO2 core

nanoparticles. While stirring, 1 mol NH3 was added to get

the mixed oxide gel. The resultant solution was stirred for

24 h, and the precipitate was washed several times in

distilled water and annealed at 400 �C. An illustrative

representation of the reaction mechanism of formation of

core–shell along with consecutive steps is presented in

Fig. 1. The attractive electrostatic forces between the non-

functionalized silica and ferrite particles are strong, and

thus Fe3O4 was stably assembled over SiO2 core [27].
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2.3 Characterization

The field emission scanning electron micrographs of pure

SiO2, Fe3O4 and SiO2–Fe3O4 core–shell nanoparticles have

been recorded using the field emission scanning electron

microscope (FE-SEM) Quanta 200 FEI—Netherland,

equipped with an EDS system for morphological studies.

The crystal structure of the as-synthesized samples was

studied by X-ray diffraction and has been recorded by the

powder diffraction method using Rich Siefert 3000 X-ray

diffraction equipped with a CuKa monochromatic radiation

source (k = 1.54187 Å) over the 2h range from 10�–90� at

the rate of 2.5�/min. The Fourier transform infrared spectra

of the samples were studied using PerkinElmer infrared

spectrophotometer. The spectra were recorded in the

wavenumber range of 500–4000 cm-1. The optical absorp-

tion spectra were recorded in the range 190–1100 nm using

Lambda-35-UV spectrometer. The field-dependent dark and

photoconductivity studies were carried out using Keithley

Picoammeter 6485. The experimental setup for the mea-

surement of field-dependent dark and photoconductivity was

as described in Ponniah et al. [28]. The samples in the form

of pellets were attached to the microscopic glass slide, and

two electrodes of thin copper wire (0.14 mm diameter) were

fixed by the use of silver paint. The ends of the copper wire

were connected to DC power supply through picoammeter,

the applied field was varied, and the corresponding current

in the circuit was measured. To measure the photocurrent,

light from a 100 W Halogen lamp was illuminated onto the

sample, and the measurements were repeated.

3 Results and Discussion

During the sol–gel process, Fe3O4 was generated by the

hydrolysis and condensation of the precursor ferric chloride

and then deposited on SiO2 core particle to form a shell

layer. Significant changes in the properties of the core were

detected after being coated with the shell material which

was studied using the standard characterization techniques.

3.1 Microscopic Analysis

Figure 2a shows the FE-SEM image of SiO2 nanoparticles.

The nanoparticles were found to be uniquely spherical in

shape and uniformly distributed. The particle size of the SiO2

nanoparticles was found to be diameter of 800 nm and in

agreement with reported results [29]. A high amount of

porosity was observed in the SiO2 nanoparticles. Figure 2b

shows the FE-SEM image of the pure Fe3O4 nanoparticles,

which are nanoporous. The surfaces of the Fe3O4 nanopar-

ticles were noticeably rough, and the porosity further

increased the roughness of the Fe3O4 surface. In the FE-SEM

image of the Fe3O4 microspheres, there were many nearly

monodisperse microspheres with diameters of about

46–75 nm. The Fe3O4 nanoparticles were agglomerated as

these magnetic nanoparticles generally incline to merge

toward each other due to the magnetic dipole interaction

between them [30]. The control of the monodisperse size is

very important because the properties of nanocrystal

strongly depend upon the dimension of nanoparticles [31].

Figure 2c shows the FE-SEM micrographs of the synthe-

sized SiO2–Fe3O4 core–shell nanoparticles. From the figure,

approximately spherical morphology was apparent, which

clearly exhibited the formation of SiO2–Fe3O4 core–shell

nanostructure with scantily observed agglomeration of the

shell material in certain areas that could have occurred in

order to minimize the total surface energy of the system due

to large surface-to-volume ratio and strong magnetic

attraction forces that existed in Fe3O4 nanoparticles. The

core appeared darker in contrast to the shell due to the dif-

ference in electron penetration efficiency [30]. The smooth

surface of SiO2 core particles was roughened due to the

deposition of Fe3O4 nanoparticles, and the shell formation

around silica core was visible. The diameters ranged from

about 14 to 67 nm and are almost similar to that of the shell

material. This could be due to the coating of shell material,

and the particle size observed therein probably corresponded

to that of the shell rather than the core–shell nanostructure.

Figure 3 shows the EDS spectra of Fe3O4 and SiO2–

Fe3O4 core–shell nanostructures. The EDS spectrum of

Fe3O4 asserted the presence of Fe element alone in the

sample which was indicative of the purity of the as-syn-

thesized sample (Fig. 3a). Figure 3b confirms the presence

of Si and Fe and a small amount of Cl impurity. Shell

coating was evident from the changes in size, shape and the

presence of Fe in the elemental composition as determined

from EDS. The presence of Si peaks further indicated the

manifestation of SiO2 as core in the as-synthesized sample.

3.2 Scattering Analysis

Figure 4 shows the XRD pattern of SiO2 nanostructures,

which was in good agreement with the standard ICDD No:

Fig. 1 Illustrative representation of SiO2–Fe3O4 core–shell formation
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29-0085. The XRD pattern of SiO2 nanoparticles showed

the presence of a broad peak centered at 22� which indi-

cated the assembly of silica nanostructures and was in good

agreement with the literature [32]. The average crystallite

size of SiO2 nanoparticles was obtained by calculation

using Scherrer’s formula D = 0.9k/(bcosh), where D is the

particle size, k is the X-ray wavelength (nm), h is Bragg’s

angle, and b is full width at half maximum [33]. The broad

peak also indicated that the particles are of either very

small crystalline or semicrystalline nature of about 0.63 nm

as reported in the earlier work [34]. The XRD pattern of the

as-synthesized Fe3O4 nanostructures is shown in Fig. 5

agreed well with the standard diffraction card ICDD No:

75-0033, for Fe3O4 with the cubic inverse spinal structure

displaying the typical peaks at 35�, 57�, 62� and 64� cor-

responding to (3 1 1), (5 1 1), (4 4 0) and (4 4 1) crystal

planes, respectively, which is in good agreement with that

in Ref. [35]. These peaks were quite identical when com-

pared to the bulk XRD pattern of Fe3O4 (cubic) with ICDD

No: 89-4319 [36]. The strong and sharp peaks suggested

that the Fe3O4 nanoparticles were highly crystalline [37].

The crystallite size of Fe3O4 nanostructures was

Fig. 2 FE-SEM images of SiO2 a, Fe3O4, b SiO2–Fe3O4 core–shell c nanoparticles

Fig. 3 EDS spectra of Fe3O4 nanoparticles a, SiO2–Fe3O4 core–shell nanoparticles b

Fig. 4 XRD pattern of SiO2 nanoparticles
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determined to be about 14 nm. When compared to the bulk,

the broad peaks also indicated the ultra-fine nature and

small crystallite size of Fe3O4 nanoparticles [38]. In addi-

tion to the peaks of Fe3O4, some peaks of Fe2O3 corre-

sponding to (310), (321), (421) and (430) planes were also

found in the prepared sample which could not be excluded

as both phases are very similar [39]. Figure 6 shows the

XRD pattern of as-synthesized SiO2–Fe3O4 core–shell

nanostructures. It could be observed that the XRD pattern

exhibited peaks at 32�, 35�, 40�, 49� and 54� corresponding

to (310), (311), (321), (421) and (430) crystal planes,

respectively. The results indicated the formation of SiO2–

Fe3O4 core–shell nanostructures and that the crystal

structure of SiO2 underwent a variation after being coated

with Fe3O4. Because of the coating of the shell material,

the diffraction peak intensity of amorphous SiO2 which is

the core material disappeared after and adequate thickness

was laid down [17], confirming the complete formation of

the shell over the SiO2 core. Lattice parameters of core do

not record any growth which could be an additional

contributory factor. The crystallite size measured using

Scherrer’s formula of the as-synthesized core–shell

nanostructure from the XRD pattern was approximately

15 nm which was same as that of Fe3O4 shell as the high

intensity from the diffraction peaks of core–shell indicated

that the reflections are from the planes of Fe3O4 shell alone

probably due to the optimal coating [40].

3.3 Spectroscopic Analysis

Fourier transform infrared (FTIR) technique gives a spec-

trum which represents the molecular absorption and

transmission of infrared rays by the nanoparticles, creating

a molecular fingerprint of the sample, and it shows com-

mon bands assigned to various vibrations in the solids

nanostructures, respectively. Figure 7a shows the FTIR

spectrum of SiO2 nanoparticles. The two strong bands

observed at 1118 and 804 cm-1 were associated with

asymmetric and symmetric Si–O–Si stretching vibrations,

respectively [41]. These confirmed that the SiO2 phase was

formed. Figure 7b shows the FTIR spectrum of the as-

synthesized Fe3O4 nanostructures. The characteristic

absorption peak of Fe3O4 was found at 459 and 555-1

which confirmed the Fe–O bending and stretching vibra-

tions, respectively [42]. The peaks at 1621 cm-1 were

assigned to O–H stretching vibrations [43, 44]. FTIR

spectrum provides an additional proof for the formation of

core–shell nanostructures with functionalized shells [45].

Figure 7c shows the FTIR spectrum of the as-synthesized

SiO2–Fe3O4 core–shell nanostructures. In the case of SiO2–

Fe3O4, the characteristic Fe–O peak shifted to 470.34 and

545 cm-1, suggesting a chemical interaction between SiO2

and Fe3O4. The peaks at 803 and 1095 cm-1 were assigned

to symmetric and asymmetric stretching vibrations of Si–

O, respectively [46]. After coating, the intensities of Si–O

peaks reduced significantly, while the peaks at about

545 cm-1 which corresponded to the stretching vibrations

of Fe–O were very pronounced in the core–shell sample,

and this could be explained by the existence of higher

portion of surface groups bounded to SiO2. This could be

due to the higher specific surface area and fine pore

structure which originated from the nanoporous shell

around the core particle [47]. The peak at 962 cm-1 indi-

cated the Si–O–Fe stretching vibrations [48].

Optical properties are generally extremely sensitive to

any nanocrystal surface modification. They can give indi-

rect support about the coating of the shell materials on the

core surface. The UV–visible spectrum of SiO2 nanopar-

ticles is shown in Fig. 8a. The absence of any absorption

peak in the visible region of pure SiO2 nanoparticles

spectrum was in good agreement with the wide band gap

nature of the material and its inability to absorb in the

visible range. The optical band gap was estimated by

Fig. 5 XRD pattern of Fe3O4 nanoparticles

Fig. 6 XRD pattern of SiO2–Fe3O4 core–shell nanoparticles
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plotting photon energy versus (ahm)2- based on the relation

(ahm)2 = A(hm-Eg), where a is absorption coefficient, A is

a constant, and Eg is the band gap [49, 50]. According to

the above relation, the intercept of the tangent on the

photon energy axis corresponds to the optical band gap and

it was found to be 3.8 eV in the case of SiO2 nanostructures

from the Tauc’s plot in Fig. 8b. The UV–visible spectrum

of Fe3O4 nanostructures is shown in Fig. 9a. It shows an

absorption band in the region of 200–455 nm, which

originated primarily from the absorption and scattering of

UV radiation by magnetic nanoparticles. The kmax was

found to be 455 nm. From the Tauc’s plot in Fig. 9b, the

optical band gap of Fe3O4 nanostructures was found to be

2.2 eV [51]. The UV–Vis spectrum and Tauc’s plot of

SiO2–Fe3O4 core–shell nanostructures are shown in

Fig. 10. The absorption bands were found in the region of

328–558 nm. The intensity and peak wavelength of

absorbance changed after coating, and the wavelength

shifted toward those of the pure shell materials, thus pro-

viding indirect support for the shell material coating on the

core surface. It was found that the absorption peak at

558 nm revealed a redshift suggestive of a band gap

reduction. The intensity of absorption was found to

increase in the core–shell nanostructures when compared to

SiO2 and Fe3O4. From the Tauc’s plot, the optical band gap

of the core–shell nanostructures was found to be 1.5 eV.

Thus, the optical band gap of the core–shell nanostructures

decreased when compared to SiO2 and Fe3O4. Table 1

shows the hierarchical order of the as-synthesized

nanoparticle samples based on the band gap as obtained

from their respective Tauc’s plots. The SiO2–Fe3O4 core–

shell had the least band gap as compared to SiO2 core and

Fe3O4 shell. This strongly suggested the possibility of

enhanced spectral response in the case of core–shells as

compared to the SiO2 and Fe3O4 nanostructures. Reduction

in the band gap was correlated with increase in particle size

which predicted the size-dependent energy gap [52].

3.4 Electrical Conductivity Analysis

The variation of dark and photoconductivity of SiO2, Fe3O4

and SiO2–Fe3O4 core–shell nanostructures is shown in

Fig. 7 FTIR spectra of SiO2 nanoparticles a, Fe3O4 nanoparticles b, SiO2–Fe3O4 core–shell nanoparticles c

Fig. 8 UV spectrum a, optical band gap b of SiO2 nanoparticles
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Fig. 11. All the plots indicated linear increases in current in

the dark and visible light-illuminated samples with

increasing applied field, thereby depicting the ohmic nature

of the contacts. The low values of dark current and

insignificant rise in photocurrent upon visible light illu-

mination were as expected. This is due to the wide band

gaps of SiO2, Fe3O4 and SiO2–Fe3O4 core–shell nanos-

tructures, qualifying them to absorb light of wavelengths

below 400 nm only. For example, considering a fixed field

400 V/cm, the SiO2, Fe3O4 and SiO2–Fe3O4 core–shell

nanostructures showed dark currents of 0.0021, 0.61 and

0.84 lA, respectively. When the light was switched on, the

photocurrent initially increased very rapidly due to the

quick generation of electron and hole pairs as a result of

absorption of photons. For a fixed field of 400 V/cm SiO2,

Fe3O4 and SiO2–Fe3O4 core–shell nanostructures showed

photocurrents of 0.0031, 0.8 and 1.23 lA, respectively. In

the case of SiO2–Fe3O4 core–shell nanostructures, a sig-

nificant increase in the dark and photocurrents by orders of

about 4 9 102 and 4 9 103 times, respectively, was

revealed when compared to SiO2 nanostructures. However,

the increase in the dark and photocurrents of the core–shell

particles as compared to those of the Fe3O4 nanostructures

was relatively lesser and was by orders of about 1.4- and

1.5-folds, respectively. Introduction of Fe3O4 decreased the

energy barrier for conduction and increased the drift

mobility of charge carriers, thereby elevating the conduc-

tivity and consequentially the mobility of holes acting as

traps for electrons [53]. As the particle size decreased,

there was an enhancement in surface area available for

conduction, and therefore an increase in photocurrent

Fig. 9 UV spectrum a, optical band gap b of Fe3O4 nanoparticles

Fig. 10 UV spectrum a, optical band gap b of SiO2–Fe3O4 core–shell nanoparticles

Table 1 Optical band gap of as-synthesized samples

SiO2 Fe3O4 SiO2–Fe3O4 core–shell

3.8 eV 2.2 eV 1.5 eV
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evidenced that the sample had acquired more photosensi-

tivity [54]. Thus, the observed increase in dark and pho-

tocurrent of core–shell nanostructures was essentially due

to the enhanced surface area available for conduction or

due to the increase in charge carrier concentration [55].

Thus, it could be concluded that SiO2–Fe3O4 core–shell

nanostructures exhibited improved dark and photoconduc-

tivity in comparison with the SiO2 and Fe3O4

nanostructures.

4 Conclusions

SiO2, Fe3O4 and SiO2–Fe3O4 core–shell nanostructures

were synthesized by the sol–gel method. Creation of metal

oxide SiO2–Fe3O4 core–shell nanostructures greatly

enhanced the properties of the parent materials which were

pure SiO2 and Fe3O4 nanoparticles. FE-SEM images with

EDS spectrum revealed the homogenous nature of the

samples and uniform pore distribution on the surface. The

XRD results indicated the formation of SiO2–Fe3O4 core–

shell nanostructures and that the crystal structure of SiO2

experienced a variation after being coated with Fe3O4. The

crystallite size calculated using Scherrer’s formula was

found to be in excellent agreement with the particle size

inferred from the FE-SEM images. The FTIR spectrum

indicated the Si–O–Fe stretching vibrations in the core–

shells. The optical band gap of SiO2–Fe3O4 core–shell

nanostructures calculated using Tauc’s plot was found to

be 1.5 eV, which is significantly lesser than that of the

individual SiO2 and Fe3O4 nanoparticles which were 3.8

and 2.2 eV, respectively. Field-dependent photoconduc-

tivity measurements revealed an improved photoconduc-

tivity behavior in the case of core–shells in comparison

with the SiO2 and Fe3O4 nanoparticles. It could be con-

cluded that the formation of SiO2–Fe3O4 core–shell

nanostructures was verified with various analysis tools and

it was found to exhibit enhanced transport properties which

could be attributed to the increased particle size, leading to

a reduction in the band gap as compared to SiO2 and Fe3O4

and its single components and thus presenting them as

promising candidates in the making of photoelectrodes for

dye-sensitized solar cells.
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