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Abstract

Fe4[Fe(CN)g]s nanoparticles were prepared with potassium ferrocyanide as the single precursor. The effects of precursor concentration and
temperature on the particles were investigated. The reaction mechanism was explained. Calculation showed that formation of Fe,[Fe(CN)g]ls
precipitates and volatile HCN greatly reduce the electron potential of Fe**/Fe* and increase the reaction extent of the oxidation of ferrous ions.
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1. Introduction

Prussian Blue (PB) and its analogues form an important class
of insoluble, mixed-valence compounds, and have applications
in magnetic materials [1,2], molecular sieves [3], catalysis, solid-
state batteries, biosensors [4] and molecular magnets [5]. The
methods of microemusions [6], poly(vinylpyrrolidone) protec-
tion [7], electrodepositing technology [8] and apoferritin cage
[9] have been employed to synthesize nanoparticles or nanowire
arrays of PB analogues.

In the preparation of nanosized particles with liquid precipita-
tion methods, supersaturation and its distribution play important
roles in determining the resultant particle morphology and size
distribution. If supersaturation is too high, agglomeration will
become an important growth mechanism, leading to irregular
agglomerates [10]. Supersaturation distribution in a reaction
system mainly affects the particles size distribution. Moderate
supersaturation with good distribution can be obtained by gen-
erating precipitation ions through chemical reactions [11], e.g.,
decomposition of compounds, hydrolysis of metal alkoxides,
conversion of metal complexes [12].

In this paper, Fes[Fe(CN)g]3 nanoparticles were prepared
with potassium ferrocyanide as the single precursor. The slow
dissociation of the [Fe(CN)g]*~ complex ensures a limited
concentration of free ferrous ions and consequently controlled
supersaturation in the formation of PB nanoparticles. The
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method is simple and convenient. The effects of precursor
concentration and reaction temperature on the particles were
studied. Calculation of electron potential was given to provide
an insight into the reaction mechanism. For comparison, PB
nanoparticles were also prepared with the reverse microemul-
sion method.

2. Experimental

In the syntheses, hydrogen chloride acid solution was added
into the K4Fe(CN)g solution in the test-tube and mixed. After
reaction, the sol was centrifuged and washed with distilled water
for three times. The morphology of the as-obtained particles
was observed with transmission electron microscopy (TEM,
HITACHI HS800, Japan). The absorbance was scanned with
UV-vis spectrophotometer (Cintra 10e, Australia). XRD pattern
was analyzed with monochromatized Cu Ka incident radiation
(Shimadzu XRD-6000). All the chemical reagents, including
K4Fe(CN)g, hydrogen chloride acid, cyclohaxane, amyl alcohol
and cetyltrimethyl ammonium bromide (CTAB), were analytical
grade.

3. Results and discussion

To explore the effects of the precursor concentration,
K4Fe(CN)g solutions of 0.0025moll~!, 0.0125moll~! and
0.025mol 17!, with same hydrogen chloride acid concentra-
tion (1.6mol1~1), were used as precursors, respectively. At
25 °C, the solutions appeared light blue after 3 days and became
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Fig. 1. Absorbance of precursor solution (0.0125 mol 17! K4Fe(CN)g and
1.6 mol1~! hydrogen chloride acid) with time.

deep blue at the 5th day. From the evolution of the absorbance
of the precursor solution (Fig. 1), it could be seen that the
broad band centered at 710 nm, which is consistent with an
inter-metal charge-transfer band from Fe?* to Fe3* in PB [13],
increased with the time. At the 5th day, the sol were cen-
trifuged and analyzed with TEM. The results showed that with
the increased K4Fe(CN)g concentration from 0.0025 mol1~! to
0.025mol 17!, the particles decreased slightly from 50nm to
30nm in size (Fig. 2a—c). The selected area electron diffrac-
tion (SAED) showed that all the particles were polycrystalline.
X-ray powder diffraction analysis of the as-obtained particles
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Fig. 3. XRD pattern of the particles obtained at 25 °C.

(Fig. 3) showed peaks at 17.5° (200), 24.8° (22 0),35.4° (4 00),
39.8°(420),43.7° (422),50.96(4 4 0), 54.3(600), 57.5(6 2 0),
66.5(64 0) and 69.4(6 4 2), which can be indexed as the PB cubic
space group Fm3m [14].

For K4Fe(CN)g solution of 0.025moll~!, when the reac-
tion temperature was increased to 60 °C, the precursor solutions
appeared light blue after 1 h and became deep after 3h. The
as-prepared particles were cube-shaped, about 500 nm in size
(Fig. 2d). At 90°C, the particles grew to about 1 wm due to
the high growth rate at high temperature. When triton X-100
(2 x 107*mol1~") and CTAB (2 x 10~* mol1~!) were used as
protectors in the precursor solution (0.025 mol 17! K4Fe(CN)s,

Fig. 2. TEM images of particles. (a) 0.0025 mol1~! K4Fe(CN)g solution, 25 °C. Inserted is SAED of the particles, (b) 0.0125 mol1~! K4Fe(CN)g solution, 25 °C,
(¢) 0.025 mol 17! K4Fe(CN)g solution, 25 °C, (d) 0.025 mol 1! K4Fe(CN)g solution, 60 °C, and (e) prepared with reverse emulsion method.
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1.6 mol 1~ ! hydrogen chloride acid), white precipitates appeared
at once probably due to the electrostatic interaction between
protonized triton X or CTAB cations and [Fe(CN)g]*~ anions.
Sodium dodecylsulfonate (1.8 x 10~*mol 1~ 1) was found to
have no apparent effects on the growth of particles.

For comparison, Fes[Fe(CN)gl3 particles were also pre-
pared with reverse microemulsion method. The transparent
microemulsion of A contained 10 ml cyclohaxane, 0.5 ml amyl
alcohol, 6mmoll~! CTAB and 21.6 il 0.025 mol 11 FeCls.
The microemulsion of B contained 21.6wl 0.0188 moll~!
K4Fe(CN)g, and the concentrations of cyclohaxane, amyl alco-
hol and CTAB were same as that of the microemulsion A. The
value of [HyO]/[CTAB] in the two microemulsions equaled 20.
Then the two kinds of microemulsion were mixed and stirred for
17h at 50 °C. The obtained particles were about 35 nm in size
(Fig. 2e).

The above results showed that the single precursor method is
simple and convenient in operation. As for the reaction mech-
anism is concerned, in the precursor solutions, K4Fe(CN)g can
dissociate into Fe?* and CN~ ions [15].

[Fe(CN)g]*~ = 4CN™ +FeCN, (1)
FeCN, = Fe** +2CN™ 2)
Reactions (1) and (2) can be combined into one equation:
[Fe(CN)]*™ = 6CN™ + Fe?t 3)

Fe?* may be oxidized into Fe>* by the air.
4Fe’t + 0, +4HT = 4Fe’t 4 2H,0 4)
Eq. (4) can be written as two half cell reactions:
0, +4H" +4e = 2H,0 ()
Fe?t—e = Fe’t (6)

Then Fe?* reacts with [Fe(CN)g]*~ and forms Fe4[Fe(CN)g]3
blue precipitates. In acidic solution, CN~ reacts with H* and
generates volatile HCN.

4Fe** 4 3[Fe(CN)g]* = Fey [Fe(CN)els | @
CN™ +H'= HCN ®)

The formation of PB precipitates and HCN move Eq. (3) to
the right side, and also reduce the electron potentials of Egs. (5)
and (6) as shown below.

For Eq. (5), at 25°C,

0.059
° 4+ <4) lg(Po, o+ 9)

where E7 is the standard potential (E] = 1.229v), Po, the par-
tial pressure of O3 in the air, and o+ is the activity of H*. When
Po, = 0.29atm and o+ = I mol17!, E; =1.149v.

For Eq. (6), at 25°C,

E| =

E, = E5 +0.0591g (O‘W*) (10)

ORe2+

Herein E5 = 0.771 v, ages+ and a2+ are the activities of Fe**
and Fe?*, respectively.

‘ 1/4
Ope3+ = <3ap> (11)
®TFe(CN)g]

where kyp is the activity product of Fe4[Fe(CN)gl3, ape(cny, 18
the activity of [Fe(CN)s]*~. a2+ can be obtained from the
equilibrium constant, K, of Eq. (3).

_ URe2+OCN 6
QFe(CN)g

K (12)

Herein K=10"3%4. [16] Eq. (8) may be regarded as the
side reaction of Eq. (3). The side reaction coefficient, xcnH)
is expressed as:

(04 /
KCNH) = % =1 +06H+,3 (13)

where acn is the concentration of CN™ anions not coordinated
with Fez+, acN is that of the free CN™ anions, and 8 is the
formation constant of HCN (8=10%2%). Apparently, in acidic
and neutral conditions, kcnH) almost equals e+ B. Then,

, 6C 6C
wen = cN' _ OCFRe2+YeN _ OCge2+YCN (14)
KCN(H) KCN(H) (ay+B)
From Egs. (12) and (14),
1/7.1/7 6/7  6/7
4.65K"/ OFe(CN) KONH) VEe2+
OFe2+ = 6/7
YeN
17,117 6/7,.,6/7_6/7
_ 465K Tapiion), B Ty Yy (15)
= 6/7
YN

According to Egs. (11) and (15), Eq. (10) can be rewritten
as:

Ey = E5 +0.0591g(4.65k}/* K ~1/7g=°/7)

6/7 6/7 —25/28 —6/7
+0.05912(v 2N ¥ perehns i, (16)

The effects of side reactions on the electrode potential are
usually far larger than that of the ionic strength and activity coef-
ficients. [17] When the effects of ionic strength are neglected,
Eq. (16) can be simplified as:

Ey = E5 +0.0591g (4.65k 14K~/ 70/7)

—25/28 ~—6/7
+0.591g Croiehoy, Crrt! (17)

Herein, kgp is the solubility product of PB (ksp = 1074%) [16].
Then,

E; =0.045 — 0.0531g Crecny, — 0.0511g Cy+ (18)
Then the formal potential of Fe3*/Fe?* is 0.045 V. The equi-
librium constant, K, of Eq. (4) is expressed as:

_ AEI - Ey)

K = 19
& 0.059 (19
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When E;=1.222V and E;=0.045V, 1gK’ is 79.5. With
the increased K4Fe(CN)g concentration from 0.0025 mol1~! to
0.0125mol17! and 0.025mol1~!, E, increases slightly from
—1.03V to —0.066 V and —0.050V, and Ig K’ decreases from
89.8 to 87.3 and 86.2. It seemed that the smaller particles
obtained at higher K4Fe(CN)g concentration (Fig. 2a—c) should
mainly resulted from the higher supersaturation.

Notifying that E5 is 0.771 V and the corresponding equilib-
rium constant g K is 30.6, the precipitation reaction (7) and side
reaction (8) greatly decrease the potential of Eq. (6) and increase
the reaction extent of Eq. (4).

4. Conclusions

This paper reported the preparation of Fes[Fe(CN)g]3
nanoparticles with potassium ferrocyanide as the single precur-
sor. Calculation of electron potential was also given to provide
an insight into the reaction mechanism. The formation of PB pre-
cipitates and HCN move the dissociation of ferrocyanide to the
right side, and also apparently reduce the potential of Fe3*/Fe?*.
With the increased K4Fe(CN)g concentration, the particles size
decreased. Compared with the reverse microemulsion method,
the single precursor method is simple and convenient.
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