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 We synthesized a series of cobalt-iron Prussian blue analogues in the form of nanocubes with which we tuned the amount of 
Cesium cation in the tetrahedral sites of the structure and varied nature of the alkali cation in the compound adopting a single 
microemulsion technique. Structure and morphology of the compound had been investigated by combining energy-dispersive X-
ray spectroscopy (EDS), inductively coupled plasma (ICP), thermo-gravimetry analysis (TGA), infrared spectroscopy (IR), 
powder X-ray diffraction (XRD) and Transmission electron microscopy experiments (TEM). To directly determine the coercivity, 
remanence and Curie temperature, superconducting quantum interference device magnetometer (SQUID) was performed. Our 
investigation suggests that the amount and nature of the alkali cation are critical parameters for understanding the magnetic 
properties of the nanoparticles. 
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INTRODUCTION 
 
 Prussian blue analogues are a group of important 
functional materials due to their special properties in 
electrocatalytic, [1-3] electrochromic, [4] ion sieving, [5,6] 
photomagnetic, [7-15] kinetic spectrophotometeric field [16] 
and so on. In 1996, Hashimoto and co-wokers first described 
that spectacular magnetization changes could be induced 
photochemically in a magnetic molecule-base Prussian blue 
analogue of K0.2Co1.4Fe(CN)6·6.9H2O. It was proposed that 
with the presence of diamagnetic low-spin CoⅢ-FeⅡpairs in the 
compound, electron transfer could be either thermally or 
photochemically initiated from FeⅡ to CoⅢ through the cyanide 
bridge to produce CoⅡ-FeⅢ magnetic pairs, which therefore led 
to dramatic changes in the magnetic and optical properties 
exhibited by the lattice. [7,17,18] 
 
*Corresponding author. E-mail: zhaojihua@lzu.edu.cn 

 
 We have previously made research on the magnetic 
properties of KCoFePBA nanoparticles which are synthesized 
in CTAB microemulsion system. The results indicate that the 
presence of a certain amount  CTAB  in  samples may be the 
reason for higher Curie temperature and coercivity 
(K0.11Co1.52Fe(CN)6Br0.09CTA0.19·4.89H2O, Tc = 20 K, Hc = 
500 Oe). [19] In principle, tuning alkali metal cation content 
could lead to novel nanostructures with distinct magnetic 
properties. However, so far rather scant investigations on this 
subject have been reported. [20] Herein we exploited single 
microemulsion technique to effectively synthesize cobalt-iron 
PBA at nanoscale to address this issue. Microemulsion 
technique bears several striking advantages. As one type of 
“soft chemistry”, the synthesis process is very easy to handle, 
requiring no special and expensive equipment necessary for 
experiments under extreme conditions. Furthermore, particle 
shape and size distributions can be readily controlled by 
adjusting a series of experimental parameters such as 
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temperature, surfactant types, additives, surfactant 
concentrations and mole ratios of water to surfactant. [21-23] 
Hence, tailoring nanoparticle geometry at will is feasible and 
desired functional nanomaterials can be conveniently 
obtained.  
 In this paper, a family of cobalt-iron Prussian blue 
analogues, CI

xCoy[Fe(CN)6]·zH2O (x = amount of alkali cation 
inserted per conventional cell, CI = Cs，Rb) had been 
synthesized and characterized. In addition, the amount and 
nature of the alkali cation were varied to seek the appropriate 
parameters to synthesize novel PBAs with higher coercivity 
and Curie temperature. The results are crucial for 
understanding the properties of this family of compounds and 
are expected to provide useful insights into preparing new 
systems with improved magnetic properties.   
 
EXPERIMENTAL 
 
Materials and Sample Preparation  
 Sodium bis (2-ethylhexyl) sulfosuccinate, 96% (AOT, 
A.R.) was purchased from Aldrich, which was sliced up and 
dried in airer for two weeks. Cobalt chloride hexahydrate 
(CoCl2•6H2O, A.R.), potassium ferricyanide (K3[Fe(CN)6], 
A.R.), Cesium chloride (CsCl, A.R.) and Rubidium chloride 
(RbCl, A.R.) were used as received from Tianjin Guangfu Fine 
Reagent Factory. Double distilled water was used throughout 
the experiments.  
 Nanoparticles of cobalt-iron cyanides were synthesized by 
single microemulsion technology as the following. 20 ml of 
3.5562 g AOT/ isooctane and 0.45380 g 0.05 M CoCl2 
aqueous solution were mixed, vigorously stirred and 
maintained at 25 ℃ for 2 hours to obtain one transparent 
reverse micelle solutions. Thereafter, potassium ferricyanide 
and Cesium chloride / Rubidium chloride solution was added 
dropwise with a syringe pump to the transparent 
microemulsion and stirred. After 10 minutes, gray-brown 
opaque appeared and colored solid partially settled. The 
mixture was continuously stirred for 11 hours at 25 °C and 
deposited for 12 hours, and then the supernatant became 
completely clear and colorless. The precipitates were 
centrifuged and then washed several times with ethanol 
(99.5%) and 1:1 (V/V) mixture of ethanol and water to remove  
 

the contaminated oil, surfactant and other inorganic substance 
from the particles. Finally, the solid were dispersed in ethanol 
(99.5%) for transmission electron microscopy 
characterization.  
 Products with different Cesium content were synthesized 
by varying the concentrations of CoCl2, K3[Fe(CN)6] and 
CsCl/RbCl. 
 
Instrumentation  
 Powder X-ray diffraction (XRD) data were collected on a 
Rigaku D/MAX-2400 X-ray diffractometer with graphite 
monochromatized Cu Kα radiation (λ=0.15406 nm). 
Transmission electron microscopy (TEM) was performed by 
use of a Hitachi H-600 at an accelerating voltage of 100 kV to 
examine the morphology and dimension of the cobalt-iron 
PBA nanoparticles. The infrared spectroscopy (IR) spectra 
were recorded on a NEXUS670 FTIR spectrometer with 
samples prepared as KBr pellets. The elemental analysis was 
obtained from the energy-dispersive X-ray spectroscopy 
(EDS) (JSM-5600LV, KEVEX), inductively coupled plasma 
(ICP) (IRIS ER/S, PHEMO), and thermo-gravimetry analysis 
(TGA) (Netzsch Sta 449C). Magnetic properties were 
investigated with a superconducting quantum interference 
device (SQUID) magnetometer (Quantum Design MPMS 
XL). 
 
RESULTS AND DISCUSSION 
 
Morphology Analysis 
 Ultrafine cobalt-iron cyanide particles were prepared by 
AOT single microemulsion method with varied concentration 
of reactants and a fixed w of 45, the water/surfactant ratio. All 
the as-synthesized products (named sample 1# to 4#, 
respectively) are found to have similar morphologies of 
regular nanocubes and sizes about 50-60 nm. Hence, TEM 
image of compound 1# was demonstrated as one representative 
in Fig. 1. Table 1 lists the formulas of the four cobalt-iron PBA 
prepared samples under different conditions.  
 
Structure and IR Analysis  
 The crystal structures of the products were determined by 
XRD measurement, and the typical diffraction pattern  
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Fig. 1. Typical TEM images of cobalt-iron PBA 
 
 
(sample 1#, 2#and 4#) are shown in Fig. 2. The sharp intense 
peaks of 1# at 2θ values, 17.16°, 24.44°, 34.84°, 39.22°, 
43.12°, which correspond to the {200}, {220}, {400}, {420} 
and {422} reflections, are readily indexed as a PBA face-
centered-cubic (fcc) phase (JCPD card No.75-0038). [24] The 
other samples are all fcc phase, though there is an important 
difference between the XRD of 1# and those of samples 2# and 
4#. Sample 1# with the rubidium cation contained is prone to 
grow along {200}, whereas the other sample 2#, 3#, 4# with the 
cesium cations grows along {220}, as indicated by the 
relatively more intense {200} reflection of the former. [25]  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. XRD pattern of cobalt-iron PBA 

 
 

The evidence firmly supports that different alkali ions result in 
varying growth direction of crystal. From the various 
indicators of diffraction peaks in Fig. 2, the lattice constant of 
1# and 2# are calculated as 1.0295 nm and 1.0086 nm, 
respectively, by the use of least squares estimates. Considering 
that the CoⅡ-L bond is longer than the CoⅢ-L, more CoⅡ 
species are concluded to exist in compound 1#, grain of PBA 
doped with rubidium, than in compound 2# doped with 
cesium. 
 As for the FT-IR spectra of 1# to 4# at room temperature 
(Fig. 3), no characteristic band of surfactant AOT is detected 
in the spectra. vOH at 3631 cm-1 and 3400 cm-1 and 1607 cm-1  
 

Table 1. Formulas of cobalt-iron PBA prepared in different conditions 
 

sample T(°C) [CoCl2]: [K3Fe(CN)6]: [RbCl]a/ [CsCl]a Formulab 

1# 

2# 

3# 

4# 

25 

25 

25 

25 

50:10:12 

30: 20: 3 

30:14:6 

30:14:10 

Rb0.12Co1.37[Fe(CN)6]·4.54H2O 

Cs0.12Co1.34[Fe(CN)6]·3.58H2O 

Cs0.32Co1.31[Fe(CN)6]·2.25H2O 

Cs 0.53Co1.31[Fe(CN)6]·3.20H2O 

a. [CoCl2], [K3Fe(CN)6], [RbCl] and [CsCl]  refer to actual reactant concentrations (unit: mmol•L-1). 
b. Determined by ICP, EDS, TGA analysis. 
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Fig. 3. Infrared (IR) spectra of cobalt-iron PBA of 
                      sample 1# to 4#  
 
 
are attributed to the stretching vibrations of liberating and 
associating of water to cobalt-iron PBA. [26] Over the cyanide 
vibration range, three bands are observed: the band at 2120 
cm-1 is attributed to the cyanide in the FeⅡ-CN-CoⅢ entities 
whereas the band at 2090 cm-1 is assigned to the cyanide in the 
FeⅡ-CN-CoⅡ entities. [12] The band at 2159 cm-1, exhibited as 
a shoulder peak only appeared for sample 1#, is attributed to 
the cyanide stretching vibration mode in the FeⅢ-CN-CoⅡ 
entities. The spectra of compounds 1# to 4# exhibit band 
centering at 2105-2111 cm-1, envelope of the FeⅡ-CN-CoⅢ and 
FeⅡ-CN-CoⅡ contributions.  
 
Magnetic Properties of the PBA Nanoparticles 
 Fig. 4a and Fig. 4b are the magnetic hysteresis loops at 5 K 
and magnetization curves at an external magnetic field of 5000 
G for samples 1# to 4#. The corresponding values of Curie, 
coercivity and remanence are calculated and summarized in 
Table 2. In the present paper, we tuned nature and the amount 
of inserted cations (Rb/Cs) to obtain different products. To 
minimize the interference of other factors, the nanoparticle 
size is limited to 50-60 nm and the cobalt-to-iron ratio is 
restricted in the range of 1.31-1.37.  

 The magnetic properties are getting weaker in the order of 
2#→ 3#→4#: coercivity decreased from 200 Oe to 0 Oe, the 
Curie temperature lowered from 18.2 K to 12.0 K and the 
remanence reduced from 0.9 emu/g to 0 emu/g. A possible 
reason for this may be illuminated as follows: The electron 
transfer is accompanied by a bond lengthening that has to be 
taken up by the inorganic network. With the cesium cation 
content increasing from 0 to 0.7 per cell, the average cell 
parameter increases and the Co-L bond becomes longer, 
because the insertion of the cesium cation leads to the decrease 
of the ligand field of △Co. However, from 0.7 to 4 cesium 
cations per cell, the average cell parameter progressively 
decreases, with a larger slope value between 0.9 and 2. [12] 
This variation reflects the progressive transformation of CoⅡ 

(HS) species to CoⅢ (LS) species in the structure and the 
corresponding average decrease of Co-L length [12]. In one 
unit cell, the number of divalent cations is always four so that 
the number of hexacyanometalate and alkali cations can be 
calculated. [11] In the order of 2# (0.36 cesium cations per 
cell)→ 3#(1.0 cesium cations per cell)→4#(1.6 cesium cations 
per cell), the Co-L bonds are getting shorter. Thus, CoII species 
in the structure decrease along with the order of 2#→3#→4#, 
which means the corresponding amount of FeII-CN-CoII is 
reducing as well, and this structure reduction will result in the 
diminishing of magnetic property. 
 Moreover, for cobalt-iron PBA of CI

xCoy[Fe(CN)6]·zH2O, 
with the enhancement of x, the negative charge of [Fe(CN)6] 
has to increase according in order to ensure the 
electroneutrality of the sample. Consequently, the solid 
vacancies decrease. As is well known, vacancy in solid blocks 
the magnetic domain mobility and magnetic moment reversal. 
Hence, the reducing of coercivity is accompanied by the 
decreasing of vacancy and the increase of cesium content in 
the range of 0.7 to 4 per cell as well. 
 To have a better understanding of the influence of different 
alkali cations on the inorganic network, we exploited rubidium 
as the alkali cation and synthesized sample 1# accordingly for 
comparison, with other parameters like the amount of alkali 
cation, cobalt-to-iron ratios and sizes being similar to those of 
sample 2#. As can be seen from Table 2, Hc of 1# and 2# are 
same, but Mr of sample 1# is higher than that of 2#. 
Presumably, this phenomenon is related to magnetic dipolar  
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interaction and intergranular exchange coupling. For Prussian 
blue analogues, single domain magnetic particles of the 
saturation magnetization Ms is expressed as: Ms~2K1/ (Hcμ0), 
(μ0, the permeability of vacuum; K1, magnetic anisotropy 
constant), based on Stoner-Wohlfarth theory. [27] The relation 
reveals that the variation of Ms is proportional to that of K1 
when Hc is unchanged. Furthermore, it has been investigated 
that K1 increases with the effect of grain increasing. For the 
PBA, it should be noted that its magnetic properties are largely 
determined by the electron spin and orbital coupling effect of 
the Fe-CN-Co. While the coupling effect of CoII-L are larger 
than that of CoⅢ-L, larger amount of CoII-L obtained for the 
rubidium-doped PBA than cesium-doped leads to higher K1 

and Ms. [28-30] As is well known, Ms is closely related with 
Mr, therefore the difference of Mr between 1# and 2# can be 
accounted for the difference of hydration ionic radius of alkali 
cation doped in PBA.  
 The magnetic properties of the compounds may, to some 
extent, depend on the nature of the alkali cation. First, the 
amount of inserted alkali cations was affected by the 
magnitude of the hydration ionic radius of alkali cation. [12]  
 

 

 
 
 

 
For example, among K, Rb and Cs, the hydration ionic radius 
of Cs is the smallest, so Cs+ is easiest to be doped in the 
structure of PBA. Fewer cations contains the structure of 
lacunary type A�

4[B�(CN)6]8/3 and more vacancies, while 
more cations contains the structure of lacunary type C�

4 

A�
4[B�(CN)6]4 and fewer vacancies. [11] Second, the role of 

the alkali cation in the inorganic network, such as electrostatic 
effects, ion pairing, etc, is also depend on the nature of the 
alkali cation. [12]  
 
CONCLUSION 
 
 In summary, we synthesized a series of cobalt-iron 
Prussian blue analogues in the form of nanocubes by using a 
single microemulsion technique. The nanoparticles were well-
defined and uniformed in size within the range of 50-60 nm. 
The magnetic investigations on these products reveal that 
magnetism is dependent on the amount and nature of the alkali 
cation. In addition, as cobalt-iron cyanide with a Co/Fe ratio in 
the range 1.2-1.4 and the potassium contents are 0.2-0.6 can be 
optically excited, may shows that the efficiency of the  
 

Fig. 4. Magnetic properties for 1# to 4# ; (a) Hysteresis loops of samples 1# to 4# at 5 K; (b) Magnetization as a 
function of temperature at an external magnetic field of 5000 G 
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photoinduced magnetization at low temperature. Products 
prepared herein may also be promising candidates for 
applications in photomagnetic field. 
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