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ABSTRACT 

Nano-dimensional powder of iron cobalt cyanide hydrate in silica matrix (member of Prussian-blue family) was obtained using 

ferric chloride, cobalt chloride, potassium cyanide and silica in their dilute solution through coprecipitation method.  The crystal 

structures and surface morphology of nanoparticles were characterized by the powder X-Ray diffraction (XRD) and transmission 

electron microscopy (TEM). The formation of compound Fe4 [Co(CN)6]3.16H2O was revealed by Fourier transform infrared 

(FTIR) spectroscopy. The magnetic properties of prepared samples were measured at room temperature using a Vibrating sample 

magnetometer (VSM). Effect of the thermal annealing on the phase decomposition and phase evolution of prepared samples for 

different temperature and time duration has been discussed. The results showed that the structure, phase and shape of the 

nanocrystallite are strongly influenced by the sintering temperature and time period. Results also showed that direct phase 

transition from Fe4 [Co (CN)6]3.16H2O to CoFe2O4 occurred at temperature 300
0
C (2h). The shape of embedded CoFe2O4 (a final 

product) in silica matrix is almost spherical and its average size ranges 15-25 nm. Copyright © 2013 VBRI press. 
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Introduction 

Fe4[Co(CN)6]3.16H2O is a mixed-valance Iron(III) 

hexacyanoferrate(II) compound that belongs to the 

Prussian-blue (PB) family (General formula of PB family is 

An[B(CN)6]m.xH2O where A and B are transition metals). 

PB and its analogues have attracted renewed and growing 

interest in the field of molecule based magnets [1–3], 

electrochemistry [4, 5], hydrogen adsorption [6] and optics 

[7] owing to their unique properties. Nano-dimensional PB 

analogues with controllable size and properties are highly 

desirable for various applications such as nanomagnetic 

[8], biosensing [9–12], electrochromic [13], and biomedical 

[14] devices. Nanocrystalline PB has been reported to be 

synthesized by various methods in which various agents, 

such as anionic surfactant sodium bis(2-ethylhexyl) 

sulfosuccinate[15], polyvinylpyrrolidone [16], sol–gel [7], 

sodium hexametaphosphate [17], apoferritin [18], porous 

alumina [19], stearylamine [20] or nafion [21], were used 
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to stabilize nanoparticles. In general, these methods utilize 

a spatial confinement in the growth of Prussian blue 

nanoparticles using various kinds of templates/surfactants. 

The templates occupy the cavities between the 

nanoparticles or act as nanospaces containing particles. 

In the light of above facts, in the present work the 

coprecipitation method is used in which chances of getting 

contamination from outside are negligible as well as it 

provides monitoring of a good control on particles size, 

shape and their uniform dispersion in a matrix. Silica 

matrix allows growth control and provides chemical 

anchoring for the molecule based magnetic nanoparticles. 

In addition, binary systems containing molecule based 

magnets in nonmagnetic (SiO2) matrix are important in 

various fields of technology, including magnetic switches, 

optical and photomagnetic devices, etc. It is found that the 

composites Fe4[Co(CN)6]3.16H2O/SiO2 on heat treatment 

transformed into nano dimensional CoFe2O4/SiO2 spinel 

ferrite at a temperature 300
0
C (2h). Such nanocomposites 

have been utilized in modifying the properties of materials 

like catalytic [22], magnetic [23], magneto-optic [24] and 

mechanical properties [25]. Coprecipitation process has 

been proved to be one of the efficient methods to prepare 

ultra-fine particles and their uniform dispersion in different 

matrices [26]. Using this method, a control over the surface 

morphology, structure and chemical composition can be 

attained by carefully monitoring the preparation 

parameters.  

In the present work, using coprecipitation method 

Fe4[Co (CN)6]3.16H2O  and CoFe2O4 were prepared and 

embedded in silica matrix. The authors optimized the 

annealing temperature as well as annealing time to obtain 

single domain nano-dimensional cobalt ferrite in silica 

matrix. The XRD, FTIR, TEM and VSM studies of the 

prepared samples were carried out.  

 

Experimental 

Synthesis of Fe4[Co(CN)6]3.16H2O nanosuspension 

The iron cobalt cyanide hydrate Fe4[Co(CN)6]3.16H2O 

nanosuspension was prepared by co-precipitation 

technique. The high purity reagents: Potassium ferry 

cyanide (K3[Fe(CN)6]); Aldrich 99.99%), cobalt chloride 

(CoCl2; Aldrich 99.99%)and de-ionized water were used. 

The suspension is prepared by the method given in 

literature [27].  

 

Synthesis of amorphous SiO2 nanosuspension 

In this step, suspension of amorphous SiO2 was prepared 

by adding 50ml 0.3M SiO2 (AR grade; Aldrich 99.99%) 

aqueous solution in 50ml 0.6M NaOH (Aldrich 99.99%) 

using the technique [28]. 

 

Synthesis of (Fe4[Co(CN)6]3.16H2O/SiO2) 

nanocomposites 

 

With an objective to prepare nanocomposites resultant 

suspensions of step-I was doped in to step-II suspensions 

and was mixed smoothly with stirring for 6h at a speed of 

8000 rpm. The temperature of the system was kept constant 

at 60
0
C in a water jacketed reaction vessel using circulating 

thermostatic bath. The resultant solution was then filtered 

and washed many times; and then filtrate was dried at 80
0
C 

in a vacuum oven at a pressure of 100mmHg for 6 hours. 

The samples were ground to very fine powder. The 

powdered material so obtained was sintered in muffle 

furnace (KSL 1600X, MTI) in air at temperature of 300
0
C 

with uniform heating rate of 2
0
C/minutes for different time 

durations. 

 

Sample characterization 

Complementary methods were used to characterize the 

structure and phase of heat treated samples. XRD of 

samples were recorded by a Philips X-ray diffractometer 

PW/1710 having GIXRD geometry; with Ni filter, using 

monochromatic CuKα radiation of wavelength 1.5418 Å at 

50 KV and 40 mA, in the range, 2θ~ 10-70
0
. The analysis 

of size, shape and particle distribution of the samples was 

carried out using Transmission electron microscope 

(Hitachi-H7500) at 100 KV. For this purpose, dispersions 

of sample nanoparticles were pipetted onto carbon-coated 

copper grids. Infrared spectra were recorded by using 

Fourier transform infrared spectrometer (Perkin Elmer 

1600) ranging 2500-400 cm
-1

, on the pellets obtained by 

dispersing the samples in KBr. Magnetization data were 

recorded by Vibrating sample magnetometer VSM, P525, 

QD6000, with a maximum field of 60 kOe, in a 

temperature range 10 to 300 K. 

 

Results and discussion 

FTIR 

The FTIR spectrum of the as-prepared sample is shown in 

Fig. 1(a). In this spectrum, absorption band from 3500 cm
-1

 

to 2350 cm
-1

 is the characteristics of stretching vibration of 

OH which shows the presence of water in the sample. 

Further, strong absorption bands at  790, 1080, 1414 cm
-1

 

and 1632 cm
−1

 which may be assigned vibration mode of 

ring structure of SiO2tetrahedra [33], TO mode of Si-O-Si 

asymmetric bond stretching vibration [34], O-H banding 

mode [29] and bending vibration modes of H-O-H 

absorbed in silica [35] respectively. The peak at 586 cm
-1 

may be assigned to Fe-CN-Co banding mode [30]. The 

absorption around 2080 cm
-1

 which is the most strong peak 

of FTIR spectrum shows the stretching mode of CN [32] 

for the PB like compounds [MK
A
[M

B
(CN)6]L.xH2O {(K, L) 

= (1,1) (4,3) (3,2) (2,1)} in which cyanide forms bridges 

between M
A
 and M

B
cations[32]. The presence of bluish 

green precipitate (on dissolving K3 [Fe(CN)6] with dilute 

mineral acid CoCl2)  along with 2080 cm
-1 

peak of FTIR 

spectrum confirms the formation of cobalt  iron cyanide 

hydrate. The characteristic absorption bands at 1080, 

790cm
−1

 indicate the formation of silica network [36].  

Fig 1(b) depicts shifting of absorption band towards 

higher wave number (i.e. blue shift) which suggests 

rearrangement of silica matrix network [37]. The shoulder 

around 620 cm
−1

 was probably due to the contribution from 

Co-O vibrations and band centered at 590 cm
−1

 may be 

attributed to the presence of cobalt ferrite [37]. This figure 
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also reveals the elimination of water molecules, Si-OH and 

volatiles in the samples and as a result densification of 

CoFe2O4/SiO2 was observed.  

 

 
 
Fig. 1. FTIR spectra of Iron Cobalt Cyanide 

hydrate/Silicananocomposites: As-prepared   (‘a’) and heat treated at 

3000C for 2h (‘b’). 

 

XRD 

Fig. 2 shows the X-ray diffraction patterns of as-prepared 

and annealed powder samples, both the spectrum shows a 

hump around 23
0
 which corresponds to the amorphous 

matrix of SiO2. Peaks in diffractograms were indexed by 

comparing the interplaner distances with JCPDS data. Fig. 

2(a) illustrates the crystal structure revealed by XRD 

pattern of the as-prepared sample. This figure shows a very 

strong diffraction peak at 2θ~ 17.2
0 

(200), three strong 

peaks at 24.4
0 

(220), 34.8
0 

(400), 39.1
0 

(420) and a weak 

peak centered at 49.8
0
 (440) and these peaks can be readily 

indexed to a face–centered-cubic phase (space group 

Fm3m) of iron cobalt cyanide hydrate with a lattice 

parameter of 10.308A
0 

[JCPDS file No. 83-2293]. These 

XRD data support the FTIR data. The powder sample 

calcined at 300
0
C for 2h, Fig. 2(b), shows diffraction peaks 

at 2θ~30.08
0
 (220), 35.06

0
 (311), 43.08

0
 (400), 56.96

0
 

(511) and 62.5
0
 (440). These diffraction peaks may be 

assigned to spinel face centered cubic cobalt ferrite [JCPDS 

File No. 22-1086], which confirms the formation of 

CoFe2O4 nanocrystallites. In order to obtain the average 

size of cobalt iron cyanide hydrate and cobalt ferrite, well 

known Debye-Scherer formula (t = kλ/βCosθ, here λ is the 

wavelength of radiation, k=0.9 (for spherical particle), 

β=(B
2
− b

2
)

½
 is the full width at half maximum(FWHM), 

where B and b represents FWHM of diffraction peak of 

prepared samples and standard material, respectively) is 

employed. It is worth mentioning that the Debye-Scherrer 

formula provides a lower bound on the particle size. The 

reason for this is that a variety of factors can contribute to 

the width of a diffraction peak; besides crystallite size, the 

most important of these are usually inhomogeneous strain 

and instrumental effects. If other contributions to the peak 

width are negligible, then the peak width would be 

determined solely by the crystallite size and the Debye-

Scherrer formula would apply. In the present work, the 

contribution of line width of standard material is taken into 

consideration and the size is found to be in the range 15- 25 

nm. It is also noticed that the crystallite size of cobalt 

ferrite increases with increasing calcination temperature 

because of the coalescence of nanoparticles, which is in 

agreement with reported results [32]. 

 

 
 

Fig. 2. XRD of Iron Cobalt Cyanide hydrate/Silica nanocomposites: As-

prepared (‘a’) and heat treated at 3000C for 2h (‘b’). 

 

TEM analysis 

The morphology and microstructure of the as-prepared 

(Fig. 3(a)) sample, was investigated by TEM. Fig. 3(a) 

depicts a homogeneous distribution of well crystallized 

and nearly spherical iron cobalt cyanide hydrate 

nanoparticles in silica host matrix. The rings of the Fig 

3(a
1
) are assigned to iron cobalt cyanide hydrate and are 

well resolved at (200), (220), (400) and (420) reflections 

in XRD. The average particle size estimated by a 

statistical method is approximately 17 and 28 nm, 

respectively, which is in accordance with the values 

calculated by XRD. 

 

 
 

Fig. 3. TEM micrographs of Iron Cobalt Cyanide hydrate/Silica 
nanocomposites: The morphology micrograph (a); and The selected 

area electron diffraction pattern (a1). 

 

Magnetization studies 

In order to investigate the magnetic properties of the 

prepared powder samples, the magnetization characteristics 

as a function of the applied magnetic field were carried out 

at room temperature using vibrating sample magnetometer 
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(VSM). The magnetization behavior of as-prepared (say ‘a’) 

and samples annealed at temperatures 200
0
C and 300

0
C (say 

‘b’)is shown in Fig 4.  For the sample ‘a’ 

superparamagnetic behavior under an external magnetic 

field with negligible remanent magnetization (Mr) and 

coercivity (Hc) at room temperature was observed. 

Superparamagnetism (SPM) is the property of single 

domain magnetic nanoparticles in which particles get 

magnetized swiftly with an external magnetic field and also 

return back to their nonmagnetized state when the external 

magnetic field is removed. It has been noticed that the 

concentration of dispersed magnetic nanoparticles in 

insulating matrix is large enough that both dipolar and 

exchange interactions are minimal. Under such conditions 

the magnetic properties of nanocomposites depends on the 

effects of anisotropy. Besides, the room temperature 

coercivity is very low and remains constant up to when 

average anisotropy field in the system is larger than the 

interaction field [38]. The magnetization for the heat 

treated samples (‘b’) is higher than the magnetization of as 

prepared sample. Furthermore one may observe that 

saturation in magnetization occurs at a high field. As we 

have noticed in FTIR, XRD pattern and TEM, with 

increasing annealing temperature crystallinity and 

densification of nanocomposites increases. The XRD peaks 

infer single crystal structure of spinel CoFe2O4 and which 

is a hard magnetic ferrite. In such type of ferrites, domain 

rotation predominates over domain wall motion, due to this 

the change in magnetization with respect to applied 

magnetic field is relatively very small, after knee 

magnetization, and finally the magnetization saturates at 

high magnetic field [39]. 

 

 
Fig. 4. Magnetization curve of Iron Cobalt Cyanide hydrate/Silica 

nanocomposites: As-prepared   (‘a’) and heat treated at 200 and 3000C for 
2h (‘b’). 

 

Conclusion 

Using co-precipitation technique almost spherical shaped 

nano-dimensional iron cobalt cyanide hydrate 

(Fe4[Co(CN)6]3.16H2O) (a member of Prussian-blue (PB) 

family) were successfully dispersed in a silica matrix that 

too uniformly. Upon thermal heat treatment at 300
0
C (2h) 

in air (Fe4[Co(CN)6]3.16H2O)/SiO2  transformed into nano 

composites of cobalt ferrite(CoFe2O4) in silica matrix. It 

has been found that with increasing annealing temperature 

size, crystallinity and densification of nano composites 

increases. The results of characterization techniques show 

that CoFe2O4 has a spinel single domain structure. The 

magnetization of the sample annealed (300
0
C, 2h) saturates 

at ~ 9.44 emu/gm for an applied magnetic field of 4418 

kOe. The results of FTIR, XRD, TEM and VSM are in are 

compatible with each other. A detailed study of 

(Fe4[Co(CN)6]3.16H2O)/ SiO2 and CoFe2O4/ SiO2 nano 

composites with Rietveld  refinement shall be the subject 

of future communication. 
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