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a b s t r a c t

Nanosized Ni3(Fe(CN)6)2(H2O) was prepared by a simple co-precipitation method. The electrochemical
properties of the sample as the electrode material for supercapacitor were studied by cyclic voltamme-
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eywords:
upercapacitor

try (CV), constant charge/discharge tests and electrochemical impedance spectroscopy (EIS). A specific
capacitance of 574.7 F g−1 was obtained at the current density of 0.2 A g−1 in the potential range from 0.3 V
to 0.6 V in 1 M KNO3 electrolyte. Approximately 87.46% of specific discharge capacitance was remained at
the current density of 1.4 A g−1 after 1000 cycles.

© 2008 Published by Elsevier B.V.
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i3(Fe(CN)6)2(H2O)
anoparticles

. Introduction

Transition metal hexacyanoferrates of the general formula
hMk[Fe(CN)6]l (where h, k, and l are stoichiometric numbers,
= alkali metal cation, M = transition metal) represent an impor-

ant class of mixed-valence compounds, of which Prussian blue
s the classical prototype [1]. Aside from their interesting solid-
tate chemistry and structural attributes, these compounds exhibit
nteresting magnetic, optical, and electrochemical properties and
hus have great potential for device applications (e.g. molecular

agnets, electrodes and rechargeable batteries) [2–6]. PB and its
nalogues have open spaces due to the large asymmetric CN−

nion, and they connect with each other to form a tunnel struc-
ure, which can accommodate not only neutral molecules but also
ons charge-balanced by the iron ions [7]. Besides, they are non-
oxic compounds whose redox reactions are chemically reversible.
hus, these materials have raised renewed and growing interest in
he electrochemical field.

Among the electrode materials for application in supercapaci-
ors, amorphous RuO2·xH2O was reported as the most promising
lectrode material for supercapacitor with a specific capaci-
ance of 720 F g−1 [8]. But the high cost and environmental
oxicity of this material limit its extensive use in commer-

ial applications. Efforts have been made to find a cheap
nd environmental friendly material with good electrochemical
erformance to replace RuO2. Lisowaka-Oleksiak et al. [9] pre-
ared metal hexacyanoferrate network inside polymer matrix

∗ Corresponding author. Tel.: +86 731 8830827; fax: +86 731 8879850.
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or electrochemical capacitors by the electrochemical deposi-
ion process, showing higher capacitance of the hybrid films
ue to presence of inorganic networks. But the preparation of
hese hybrid films was relatively complicated. In this work, an
nsoluble transition metal hexacyanoferrates Ni3(Fe(CN)6)2(H2O)
as prepared by a simple co-precipitation method. Furthermore,

yclic voltammogram (CV), constant charge/discharge and elec-
rochemical impedance spectroscopy were employed to assess
he potential application of the as-prepared material as the
ctive electrode material of supercapacitor in 1 M KNO3 solu-
ion.

. Experimental

All reagents used in this experiment were of analytical grade
ithout further purification. A typical experiment procedure was

s follows: Ni3(Fe(CN)6)2(H2O) was synthesized by adding (100 ml,
.1 M) K3[Fe(CN)6] into (100 ml, 0.1 M) Ni(NO3)2·6H2O slowly. The
ixture was stirred for 30 min under room temperature. When

nished, the brown precipitates were centrifuged, filtered, and
ashed with deionized water for several times, and finally dried

t 80 ◦C for 8 h. The formation of insoluble precipitate was a driving
orce of the observed changes.

X-ray powder diffraction data was collected on a Rigaku
/max2550VB+18kw with Cu K� radiation, scan range from 10◦ to
0◦. The morphology of as-prepared particles was characterized a

E01-1230 transmission electron microscope.

The Ni3(Fe(CN)6)2(H2O) electrode was prepared by mixing
5 wt.% Ni3(Fe(CN)6)2(H2O) powders, 20 wt.% acetylene black and
wt.% PTFE binder. The mixture was pressed onto stainless

teel grids, which serves as current collector, and then dried at

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:klhuang@mail.csu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.071


5 er Sources 186 (2009) 565–569

1
N
e
t
e
e
e
i
T
a
p
c
e
w
f

3

3

m
p
c
l
t

T
p

3

i
s
p
s
i
w
a
a
n
b
h
i
(
N
K

1
2
T
i
c
a
t
a
i
f
i
k
o
r
c
t

N

As shown in Fig. 4(a), the redox peak profiles were symmet-
ric, indicating the good reversibility of the electrochemical reaction
that took place on the Ni3(Fe(CN)6)2(H2O) electrode. As the poten-
tial scanning rates increased, the voltage difference between the
66 J. Chen et al. / Journal of Pow

00 ◦C under vacuum for 12 h. The electrochemical behavior of
i3(Fe(CN)6)2(H2O) was characterized by cyclic voltammetry (CV),
lectrochemical impedance spectroscopy and charge/discharge
ests. The experiments were carried out in a conventional three-
lectrode electrochemical cell. The prepared Ni3(Fe(CN)6)2(H2O)
lectrode was used as the working electrode, a saturated calomel
lectrode (SCE) was used as the reference electrode and a plat-
num foil of convenient area was set as the counter electrode.
he electrolytes in this experiment consisted of 1 M KNO3, LiNO3
nd NaNO3 solution. CV and constant charge/discharge tests were
erformed using a CHI660 workstation (Shanghai, China). Electro-
hemical impedance spectroscopy was performed by ZAHNER-IM6
lectrochemical workstation (Germany). The impedance spectra
ere recorded by applying an AC voltage of 5 mV amplitude in the

requency range from 0.01 Hz to 1 MHz.

. Results and discussion

.1. Material characteristics

The crystal structure was determined by X-ray diffraction (XRD)
easurements. Fig. 1 presents the typical diffraction pattern of the

roduct. All the peaks of Fig. 1 can be indexed as cubic nickel iron
yanide hydrate Ni3(Fe(CN)6)2(H2O) (space group F-43m) with a
attice parameter of 10.23 Å, which was in good agreement with
he values from the standard card (JCPDS no. 82-2283).

The morphology of the as-prepared sample was investigated by
EM. As shown in Fig. 2, the sample consisted of a large quantity of
articles with a size of around 20 nm.

.2. Electrochemical analysis

Cyclic voltammeric curves of the Ni3(Fe(CN)6)2(H2O) electrode
n 1 M KNO3, 1 M LiNO3 and 1 M NaNO3 solution at the potential
canning rate of 5 mV s−1 in the potential range from 0 V to 1 V are
resented in Fig. 3. As shown in Fig. 3, Ni3(Fe(CN)6)2(H2O) electrode
howed stronger current response and higher specific capacitance
n 1 M KNO3 solution than in 1 M NaNO3 or 1 M LiNO3 solution,

hich may result from the different hydrated radiuses of K+, Li+

nd Na+. PB and its analogues have open spaces due to the large
symmetric CN− anion, they connect each other to form a tun-
el structure, which can accommodate not only neutral molecules
ut also ions charge-balanced by the iron ions [7]. But the sizes of

ydrated ions have great influence with the ability of the various

ons to reversibly enter the structure [10]. The radius of hydrated K+

1.28 Å) was the smallest one among these three cations (K+, Li+ and
a+) [11], which resulted in the fast insertion/extraction kinetics of
+ in Ni3(Fe(CN)6)2(H2O) electrode.

Fig. 1. XRD patterns of the as-prepared particles.
F
t

Fig. 2. TEM images of the as-prepared particles.

The cyclic voltammograms of Ni3(Fe(CN)6)2(H2O) electrode in
M KNO3 solution at different voltage scan rates (5, 10, 15, 20, and
5 mV s−1)in the potential range of 0–1 V are shown in Fig. 4(a).
he shape of the curves revealed that the capacitance character-
stics were very distinguished from that of electric double-layer
apacitance in which the shape is normally close to an ideal rect-
ngular shape, indicating that the capacity mainly resulted from
he pseudocapacitive capacitance, which was caused by the fast
nd reversible faradaic redox reactions of electroactive material. It
s known for the work of Kulesza et al. [12] that nickel hexacyano-
errate in aqueous electrolytes may show activity of low-spin iron
on redox center only [11]. Nickel atoms in Ni3(Fe(CN)6)2(H2O) are
nown to be at valence state (II). Thus, The couple of redox peaks
bserved within the potential range in 1 M KNO3 solution may be
elated to the iron (II/III) couple coordinated by cyanide groups via
arbon atoms (low spin complex) [13], which may be ascribed to
he reaction below:

i1.5
II[FeIII(CN)6] + K+ + e− → KNi1.5

II[FeII(CN)6]
ig. 3. Cyclic voltammograms of Ni3(Fe(CN)6)2(H2O) electrode in different elec-
rolytes.
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ig. 4. Cyclic voltammograms of Ni3(Fe(CN)6)2(H2O) electrode in 1 M KNO3 at vari
he scan rate (�1/2) of the redox pairs (b).

xidation and reduction peak also increased due to the polariza-
ion of electrode under high potential scanning rate. Besides, the
eak current (ip) changed with the increase of potential scanning
ate, indicating the fast redox process on the electrode. The diffu-
ion equation gives a relationship between peak current (ip) and
he square root of the scan rate (�1/2), as shown below [14]:

p = 2.69 × 105 An3/2C0D1/2v1/2

here n is the number of electrons per molecule during the interca-
ation, A is the surface area of the electrode, C0 is the concentration
f diffusion species (K+), D is the diffusion coefficient of K+ and �
s the potential scanning rate. According to the equation above, the
elationship between the peak current (ip) and the square root of
he scan rate (�1/2) of the redox pairs was shown in Fig. 4(b). As
hown in this figure, a good linear relationship between ip and �1/2

as observed, indicating that the reaction kinetics was controlled
y the diffusion process of hydrated potassium cations in solution.

In order to obtain information about the ability of

i3(Fe(CN)6)2(H2O) as electrode material in supercapacitor,
onstant current charge/discharge measurement was carried out
n 1 M KNO3. Fig. 5(a) shows the constant current charge/discharge
urve of the Ni3(Fe(CN)6)2(H2O) electrode at the current density
f 0.2 A g−1 in the potential range from 0.3 V to 0.6 V. During the

a
d
F
s
c

ig. 5. Constant charge/discharge curve of the Ni3(Fe(CN)6)2(H2O) electrode in 1 M KNO3

ith the discharge-specific capacitance (b).
an rates (a). The relationship between the peak current (ip) and the square root of

harge and discharge steps, the curve obviously displayed two
ariation range, a linear variation of the time dependence of the
otential (below about 0.4 V) indicate pure double-layer capaci-
ance behavior, which was caused by the charge separation taking
lace between the electrode and electrolyte interface [15], and a
lope variation of the time dependence of the potential (0.4–0.6 V)
ndicate a typical pseudo-capacitance behavior, which may result
rom the electrochemical redox reaction at an interface between
lectrode and electrolyte. The discharge-specific capacitance (Cm)
f this electrode could be calculated from the discharge curves, as
hown below:

m = i �t

m �V
(2)

here i is the discharge current (A), �t is the total discharge
ime (s), m is the mass of the Ni3(Fe(CN)6)2(H2O) electrode (g),

V is the potential drop during discharge. According to Eq. (2),
he discharge-specific capacitance of the electrode at the current
ensity of 0.2 A g−1 was 574.7 F g−1. The coulombic efficiency was

round 98%. The relationship between the current density and the
ischarge-specific capacitance was shown in Fig. 5(b). As shown in
ig. 5(b), when the current density was increased to 1.8 A g−1, the
pecific discharge capacitance remained 453.5 F g−1. The specific
apacitance only slightly decreased with the increase of current

under the current density of 0.2 A g−1 (a) and the relationship of the current density
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ig. 6. (a) Cycling performance of the Ni3(Fe(CN)6)2(H2O) electrode at the current d
lectrode under different cycle numbers.

ensity, indicating that the Ni3(Fe(CN)6)2(H2O) electrode could
harge/discharge under high current density. But the potential win-
ow of this electrode was narrower than that of RuO2.

The cycle charge/discharge test has been employed to examine
he service life of the Ni3(Fe(CN)6)2(H2O) material. The variation
f specific capacitance as a function of cycle number at the cur-
ent density of 1.4 A g−1 was shown in Fig. 6. As shown in this
gure, approximately 87.46% of specific discharge-specific capac-

tance was remained after 1000 cycles under high current density.
he coulombic efficiency was around 99% for all cycles. Fig. 6(b)
hows the cyclic voltammograms of the Ni3(Fe(CN)6)2(H2O) elec-
rode at the 1st cycle and 1000th cycle at the potential scanning
ate of 10 mV s−1. The cyclic voltammograms under different cycle
umbers were of the same shape, indicating the good reversibility
f the electrochemical reaction on the Ni3(Fe(CN)6)2(H2O) elec-
rode. But the area of the CV curves reduced slightly, indicating
he slight attenuation of capacitance of the electrode, which was
n consistence with the result of Fig. 6(a). As discussed above, the
i3(Fe(CN)6)2(H2O) electrode exhibited good capacity retention

nd capacitive property, indicating that the Ni3(Fe(CN)6)2(H2O)
aterial had the potential of being used as the electrode material

f supercapacitor.

ig. 7. Typical electrochemical impedance spectroscopy of the electrode at different
pplied potentials.
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of 1.4 A g−1 in 1 M KNO3 and (b) cyclic voltammograms of the Ni3(Fe(CN)6)2(H2O)

Electrochemical impedance spectroscopy (EIS) for the
i3(Fe(CN)6)2(H2O) electrode were carried out at different
otentials (at applied potential of 0.32 V, 0.45 V and 0.58 V; the
requency range is 0.01 Hz–1 MHz) of interest over the capacitor
perating potential range, which are shown in Fig. 7. As shown
n this figure, the impedance spectra under different potentials

ere composed of three regions. In the low-frequency region,
he impedance slope of straight line was more vertical as the
esting potential increased. The straight line in low-frequency
ange is inclined at the angle of approximately 90◦ to the real
xis, indicating that the Ni3(Fe(CN)6)2(H2O) electrode had a good
apacitive behavior in 1 M KNO3 solution [14]. In the interme-
iate frequency is the 45◦ line that is the characteristic of ion
iffusion into the electrode materials. From the point intersecting
ith the real axis in the range of high frequency, the solution

esistance of these systems was about 1 �, and the resistance of
he Ni3(Fe(CN)6)2(H2O) electrode was around 0.5 �. As discussed
bove, the Ni3(Fe(CN)6)2(H2O) electrode had a good capacitive
ehavior in 1 M KNO3 within certain potential window (from
.32 V to 0.58 V), which was consistent with the results of CV test
nd constant charge/discharge test.

. Conclusion

Nanosized Ni3(Fe(CN)6)2(H2O) was prepared by a simple co-
recipitation method using only K3[Fe(CN)6] and Ni(NO3)2·6H2O
s the raw materials. The potential of utilizing this material as
lectrode active material for supercapacitor was examined by CV,
onstant charge/discharge and electrochemical impedance spec-
roscopy. The results showed that the Ni3(Fe(CN)6)2(H2O) material
xhibited higher specific capacitance in 1 M KNO3 than in NaNO3
r LiNO3 solution within the potential range from 0 V to 1 V, which
ay result from the different hydrated radiuses of K+, Li+ and Na+.

he discharge-specific capacitance of the Ni3(Fe(CN)6)2(H2O) elec-
rode in 1 M KNO3 was 574.7 F g−1 at the current density of 0.2 A g−1

n the potential range from 0.3 V to 0.6 V. As the current density
ncreased to 1.8 A g−1, the discharge-specific capacitance of the
lectrode was 453.5 F g−1, indicating that the Ni3(Fe(CN)6)2(H2O)
lectrode could charge/discharge at high current density. After
000 cycles, approximately 87.46% of discharge-specific capac-

tance was remained at the current density of 1.4 A g−1. The
i3(Fe(CN)6)2(H2O) electrode exhibited good capacity retention
nd capacitive property. Thus, the Ni3(Fe(CN)6)2(H2O) material had
he potential of being used as the electrode material of supercapac-
tor.
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