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Substitutional solid solutions of metal hexacyanometalates in which low-spin iron(III) and cobalt(III) ions populate
the carbon-coordinated sites were synthesized and studied by powder diffraction including Rietveld refinement,
cyclic voltammetry of immobilized microparticles, diffuse reflection vis-spectrometry, and magnetization techniques.
The continuous solid solution series of potassium copper(II), potassium nickel(II), and iron(III) [(hexacyanoferrate(III))1-x

(hexacyanocobaltate(III))x] show that the substitution of low-spin iron(III) by cobalt(III) in the hexacyanometalate
units more strongly affects the formal potentials of the nitrogen-coordinated copper(II) and high-spin iron(III) ions
thanthoseoftheremaininglow-spiniron(III)ions.Inthecaseofcopper(II)andiron(III)[(hexacyanoferrate(III))1-x(hexacyanocobaltate(III))x]
the peak currents decrease much more than can be explained by stoichiometry, indicating that the charge propagation
is slowed by the substitution of low-spin iron(III) by cobalt(III). The Rietveld refinement of all compounds confirmed
the structure initially proposed by Keggin for Prussian blue and contradicts the structure described later by Ludi.
The dependencies of lattice parameters on composition exhibit in all series of solid solutions studied similar, although
small, deviations from ideality, which correlate with the electrochemical behavior. Finally, a series of solid solutions
of the composition KNi0.5

IICu0.5
II[FeIII(CN)6]1-x[CoIII(CN)6]x, where both the nitrogen- and carbon-coordinated metal

ions are mixed populated and were synthesized and characterized. These are the first examples of solid solutions
of metal hexacyanometalates with four different metal ions, where both the nitrogen- and the carbon-coordinated
sites possess a mixed population.

Introduction

Transition metal hexacyanometalates form a class of
zeolitic inorganic compounds that have been studied exten-
sively because of their outstanding properties. Many of these
compounds exhibit a reversible insertion electrochemistry1-4

and possess electrocatalytic activity,5-8 electrochromism,9-15

and the capability to be used in rechargeable batteries.16-20

Some transition metal hexacyanometalates are high-temper-
ature ferromagnets.21-28 Most metal hexacyanometalates have
a cubic structure as depicted in Figure 1. Metal ions are
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situated at the corners of the cube and they are octahedrally
coordinated by the nitrogen or carbon end of the cyanide
groups; that is, the cyanide groups are bridging the metal
ions along the cube edges. Depending on the number of
charges of the nitrogen- and carbon-coordinated metal ions,
a certain amount of cations can be placed at interstitial
positions for charge compensation. These interstitial metal
ions may be the same as the nitrogen- and carbon-coordinated
metal ions, or they may be alkali metal ions. The analysis
of the structure of metal hexacyanometalates (especially of
Prussian Blue as the most famous compound) with a range
of different techniques has been described in the literature
over the past decades.29-38 Ludi and co-workers described
the structure of single crystals of Prussian blue as a highly
disordered cubic cell, but in fact they obtained these crystals

as a potassium-free compound by slow crystallization from
a highly concentrated hydrochloric acid.30,31 However, this
structure model holds true only for alkali-free samples. The
results of their study cannot be applied to alkali ion-
containing compounds.

In electrochemical reactions of metal hexacyanometalates
an electron transfer is accompanied by the transfer of cations
between the solid compound and the adjacent solution.
Because these electrochemical reactions are in all known
cases reversible, the compounds are model systems for
insertion electrochemical reactions.

Very recently, a theoretical explanation has been given
for the dependence of the formal potentials of the hexacya-
nometalate system on the properties of the metal ions that
build up the solid compounds.39 This offers the possibility
to tune the electrochemical properties of metal hexacyano-
metalates. Solid solutions are attractive for the deliberate
change in the properties because the tuning can be achieved
in a continuous way. The knowledge of solid solutions of
hexacyanometalates is so far confined to compounds where
the nitrogen-coordinated metal ions were substituted. Thus,
K2Cu1-xNix[Fe(CN)6], K2Ni1-xPdx[Fe(CN)6], K2Ni1-xCox-
[Fe(CN)6], and K2-xFe1-xNix[Fe(CN)6],40 and the complicated
system cadmium/iron hexacyanoferrate41 have been studied
in detail.42-44 However, there are no data available on
compounds where the carbon-coordinated metal ion, that is,
the central metal ion in the hexacyanometalate unit, was
substituted. This fact prompted us to study the electrochemi-
cal properties of the following transition metal hexacyano-
ferrates/hexacyanocobaltates:

The compounds in these series represent a new type of
substitutional solid solutions that have not been described
before. For the sake of comparison, also a series of mixed
crystals was synthesized where both the nitrogen- and the
carbon-coordinated metal ions are mixed:

The compounds of this series are the first examples of
well-defined solid solutions of hexacyanometalates with four
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Figure 1. Schematic description of the structure of metal hexacyano-
metalates (b: Fe3+, Co3+; O: Cu2+, Ni2+, Fe3+).

KCuII[FeIII (CN)6]1-x[CoIII (CN)6]x (1)

KNi II[FeIII (CN)6]1-x[CoIII (CN)6]x (2)

FeIII [FeIII (CN)6]1-x[CoIII (CN)6]x (3)

KNi0.5IICu0.5II[FeIII (CN)6]1-x[CoIII (CN)6]x
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different metal ions populating both the nitrogen- and the
carbon-coordinated sites.

In this paper, the symbol [hcf] stands always for
[FeIII (CN)6]3- ions and the symbol [hcc] stands for [CoIII -
(CN)6]3- ions. The synthesized materials were generally the
hexacyanoferrates(III) and hexacyanocobaltates(III) because
these can be obtained by precipitation with a much better
crystallinity than the corresponding hexacyanoferrate(II) salts.
The hexacyanocobaltate(II) salts are not accessible by
synthesis.

Experimental Section

(a) Equipment. Electrochemical measurements were performed
using an AUTOLAB system with a PGSTAT 20 (Eco-Chemie,
Utrecht, The Netherlands) in conjunction with a three-electrode
system and a personal computer (IBM-compatible). The reference
electrode was an Ag/AgCl electrode (3 M KCl) (Metrohm, Herisau,
Switzerland) with a potential of 0.208 V vs SHE at 25°C. A
platinum wire served as an auxiliary electrode. Working electrodes
used in this study were paraffin-impregnated graphite electrodes
(PIGE), prepared from graphite rods (electrodes for spectrographic
analysis, VEB Elektrokohle Lichtenberg, Berlin, Germany) im-
pregnated in molten paraffin.38

The diffuse reflectance spectra were measured using a Leitz
Laborlux 12 Pol S incident light microscope (Leica Microsystems,
Wetzlar, Germany) with two crossed linear polarized filters to
minimize the specular reflectance. The microscope was coupled
via fiber optics with a transputer-integrated diode array system
(TIDAS) (J & N Analytische Mess-und Regeltechnik, Ahlen,
Germany) with a spectral range of 400-800 nm and a personal
computer (IBM-compatible).

X-ray diffraction data were collected on a D5000 Siemens
diffractometer (Siemens, Germany) using Bragg-Brentano geom-
etry. Cu KR radiation was used. To suppress the Cu Kâ and
fluorescence radiation, the diffractometer is equipped with a
secondary graphite monochromator. The diffraction patterns for the
Rietveld refinement were scanned over the angular range of 10-
120°/2θ with a step length of 0.03°/2θ. The counting times were
20 s/step. The structure solution and refinement were performed
on the base of the model from Keggin and Miles45 using the
programs FULLPROF and GFOUR.46,47

The Prussian blue analogue samples were subjected to magne-
tization measurements as a function of temperature,M vs T, as
well as applied field,M vs H, using a Vibration Sample Magne-
tometer Model 4500 (E.G. & G. Princeton Applied Research). The
temperature dependence of magnetization was studied by carrying
out field-cooled magnetization (FCM), zero field-cooled magnetiza-
tion (ZFCM), and remanent magnetization (REM) on the sample.
FCM data were obtained after cooling the sample in 500 Oe applied
field and then recording the magnetization while warming the
sample up from 4.5-35 K, keeping the field on. The ZFCM data
were obtained by cooling the sample down to 4.5 K in the zero
applied field, then switching the applied field on (500 Oe) at this
temperature, and recording the magnetization while warming the

sample up. REM data were collected after cooling the sample to
4.5 K under the applied field of 500 Oe and recording the data
while warming the sample up after reducing the field to zero. The
field dependence of the magnetizationM vs H plots were recorded
at 4.5 K under an applied field of-9000 to 9000 Oe. The hysteresis
loops obtained were typical of long-range magnetically ordered
(ferromagnetic) samples with varying coercive field values for
different samples.

(b) Electrode Preparation.The solid compounds were studied
by employing cyclic voltammetry as microparticles attached to the
surface of a paraffin-impregnated graphite electrode (cf. the
Voltammetry of immobilized particles)38 in 0.1 M KNO3 solution
with a scan rate of 50 mV/s. The sample preparation was carried
out as follows: 1-3 mg of the sample powder was placed on a
glass plate. The electrode was gently rubbed over the material to
immobilize it at the electrode surface. After measurement the
electrode surface was cleaned by rubbing it over abrasive paper
and finally polishing it on white printing paper.

(c) Chemicals.The used chemicals were all of p.a. quality and
purchased from Merck (Germany): K3[Fe(CN)6], CuCl2, KNO3,
CoCl2‚6H2O, KCN, Fe(NO3)3‚9H2O, and Ni(NO3)2‚6H2O. Bidis-
tilled water was used throughout. K3[Co(CN)6] was synthesized
following a literature procedure.48

(d) Synthesis of KNiII [hcf]1-x[hcc]x, FeIII [hcf]1-x[hcc]x, and
KCuII [hcf]1-x[hcc]x. It is crucial to perform the synthesis exactly
as described, especially in the order in which reagent solutions are
added, because otherwise different products may precipitate. The
substitutional solid solutions were synthesized as a continuous series
by changing the content of cobalt(III) in 10% steps. To synthesize
KNi II[hcf]1-x[hcc]x and KCuII[hcf]1-x[hcc]x, the mixed solutions of
K3[Co(CN)6] and K3[Fe(CN)6] were added dropwise to the stirred
0.2 mol L-1 solution of CuCl2 with an excess of KNO3 or to a 0.2
mol L-1 solution of Ni(NO)2‚6H2O with an excess of KNO3. To
obtain FeIII [hcf]1-x[hcc]x, the mixed solutions of K3[Co(CN)6] and
K3[Fe(CN)6] were added dropwise to the stirred 0.2 mol L-1

solution of Fe(NO3)3‚9H2O in 0.1 M HCl. After addition, the
solution was heated for 15 min. All precipitates were allowed to
stand for 1 night and were then centrifuged. After the precipitates
were washed twice with bidistilled water, they were dried at 40
°C. The dried products formed glassy solids that were milled in a
mortar and washed carefully several times with bidistilled water
to remove any remaining traces of potassium nitrate and chloride.

(e) Synthesis of KNi0.5
II Cu0.5

II [hcf]1-x[hcc]x. This series of
mixed crystals was synthesized as described in (d) by using a mixed
solution of 0.1 mol L-1 Ni(NO)2‚6H2O and 0.1 mol L-1 CuCl2.
The following steps were conducted as described above.

(f) Chemical Analysis.C, H, and N elemental analysis and AAS
analysis of metals confirmed in all cases the composition of
compounds as indicated.

Results and Discussion

X-ray Diffraction Analysis. All compounds investigated
here are polycrystalline. The powder diffractograms of the
compounds KCuII[hcf], KNi II[hcf], and FeIII [hcf] are shown
in Figure 2. These experimental data match very well the
simulated patterns of the proposed structure model of Keggin
and Miles.44 Therefore, it was possible to obtain information
on the space group and the position of the potassium ions in
the unit cell. Assuming the spacegroupFm3hm, all reflections

(43) Kulesza, P. J.; Malik, A. M.; Schmidt, R.; Smolinska, A.; Mieczni-
kowski, K.; Zamponi, S.; Czerwinski, A.; Berrettoni, M.; Marassi, R.
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can be indexed and no additional reflections were observed.
There is no preferential orientation in the polycrystalline sam-
ples; however, differences in the absolute and relative integral
intensities as well as in the profile forms can be observed.

The series of compounds KCuII[hcf]1-x[hcc]x, KNiII-
[hcf]1-x[hcc]x, and FeIII [hcf]1-x[hcc]x with 0 e x e 1 show
in principle the same diffraction patterns as shown in Figure
2 with systematic shifts in the peak positions. In Figure 3
the lattice constants of these compounds are plotted versus
hexacyanocobaltate(III) content. Generally, the lattice con-
stants follow Vegards rule (lattice constants vary linearly
with the composition of the solid solutions); however, the
dependence shows a very interesting fine structure (deviation
from linearity) that is observed for all systems. This deviation
will be discussed later in conjunction with the electrochem-
istry. However, the general agreement with Vegards rule and
the similarity of the diffraction patterns indicate that solid
solutions have been formed. In all the mixed crystal systems
the lattice constants decrease with rising molar ratio of
hexacyanocobaltate(III). This behavior is in agreement with
the difference in the ionic radii of octahedrally coordinated
low-spin Fe3+ (69 pm) and Co3+ (68.5 pm) ions.49 Not yet
understood are the appreciable higher lattice constants of the
solid solutions of KNiII[hcf]1-x[hcc]x and FeIII [hcf]1-x[hcc]x

compared to the solid solutions of KCuII[hcf]1-x[hcc]x. The
ionic radii of octahedrally coordinated Cu2+ is 87 pm, that
for Ni2+ is 83 pm, and that for high-spin Fe3+ is 78.5 pm.49

Attempts to refine the structure of FeIII [hcf]1-x[hcc]x were
not completely successful, probably due to significant
differences in the profile forms and strong decrease of the
intensities in the high-angle range.Rwp factors andø2 were
high (Rwp > 18% andø2 > 2) especially for mixed crystals
with a high molar ratio of hexacyanocobaltate(III). The
results of the Rietveld refinement will be exemplified for
the mixed crystals KCuII[hcf]0.3[hcc]0.7 and KNiII[hcf]0.3-
[hcc]0.7. The parameters finally obtained areRwp ) 10.4,Rexp

) 9.42,ø2 ) 1.21, and DW) 1.802 for KCuII[hcf]0.3[hcc]0.7

andRwp ) 16.3,Rexp ) 12.4,ø2 ) 1.72, and DW) 1.217
for KNi II[hcf]0.3[hcc]0.7. The crystal structure data are sum-
marized in Tables 1 and 2. The most significant result from
the structure refinement is the obvious disorder of the
potassium sites (Figure 4 a and b). In the compound KCuII-
[hcf]0.3[hcc]0.7 the potassium ions occupy statistically one-
half of the 8-fold sites but with a high value of the isotropic
temperature factor. The K-Cu bond length is 436 pm. The
high-temperature factor suggests a smudgy position of the
potassium ions in the channels of the hexacyanometalates
(Figure 4a). In the compound KNiII[hcf]0.3[hcc]0.7 the potas-
sium ions occupy partially the 96 k site (4/96). This is
equivalent also to stoichiometric KNiII[hcf]0.3[hcc]0.7. The
shortest K-Ni bond length is 387 pm, that is, significantly
smaller than that in the K-Cu compound (Figure 4b). This
eccentrical position of the countercation was described by
Bocarsly and co-workers50 for sodium-containing nickel
hexacyanoferrate(II).

Ludi and co-workers30,31 discussed the presence of water
as a part of the structure in Fe4[Fe(CN)6]3‚xH2O and of “free”
water in the single crystals. Thermo analysis of our samples
of KCuII[hcf]1-x[hcc]x and KNiII[hcf]1-x[hcc]x show a loss
of mass that is smaller in the case of KCuII[hcf]1-x[hcc]x than
in the case of KNiII[hcf]1-x[hcc]x. For example, the X-ray
density of the compound KCuII[hcf]0.6[hcc]0.4 following from
Rietveld refinement isFx-ray ) 2.039 g/cm3. The experi-
mental density obtained by pycnometric measurements isFexp

(49) Shannon, R. D.Acta Crystallogr.1976, A32, 751.
(50) Kelly, M. T.; Arbuckle-Keil, G. A.; Johnson, L. A.; Su, E. Y.; Amos,

L. J.; Chun, J. K. M.; Bocarlsy, A. B.J. Electroanal. Chem. 2001,
500, 311-321.

Figure 2. Experimental powder data of (a) KCuII[hcf], (b) KNiII[hcf], and
(c) FeIII [hcf].

Figure 3. Lattice constants of (b) KNiII[hcf]1-x[hcc]x, (2) FeIII [hcf]1-x[hcc]x,
(9) KCuII[hcf]1-x[hcc]x, and (1) KNi0.5

IICu0.5
II[hcf]1-x[hcc]x dependent on

the molar ratio of cobalt. The dashed lines result from a linear fitting.

Table 1. Crystal Structure Data for KCuII[hcf]0.3[hcc]0.7 (Space Group
Fm3hm, a0 ) 10.0754(2) Å)

atom site x y z Biso SOF

Fe 4a 0 0 0 3.59(59) 0.3
Co 4a 0 0 0 3.59(59) 0.7
Cu 4b 0.5 0.5 0.5 1.36(37) 1
K 8c 0.25 0.25 0.25 17.04(89) 0.5
C 24e 0.2052(16) 0 0 4.79(1.0) 1
N 24e 0.3140(17) 0 0 3.14(1.0) 1

Table 2. Crystal Structure Data for KNiII[hcf]0.3[hcc]0.7 (Space Group
Fm3hm, a0 ) 10.1818(8) Å)

atom site x y z Biso SOF

Fe 4a 0 0 0 7.12(84) 0.3
Co 4a 0 0 0 7.12(84) 0.7
Ni 4b 0.5 0.5 0.5 5.99(70) 1
K 96k 0.247(25) 0.2997(37) 0.2997(37) 9.01(1.0) 0.04166
C 24e 0.2145(11) 0 0 4.20 (77) 1
N 24e 0.3231(12) 0 0 6.53(67) 1

Cu, Ni, Fe Hexacyanoferrates/Hexacyanocobaltates
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) 1.74 g/cm3. Upon heating at 300°C, the compound loses
25% of mass. When the mass loss by heating the samples
up to 300°C is ascribed to adsorbed and adhering water,
this almost exactly accounts for the difference between these
two densities (in the pycnometric measurement the adhering
water decreases the apparent density). Hence, the formula
KCuII[hcf]0.6[hcc]0.4‚4.5H2O just indicates the amount of
water adhering to the crystals. This interpretation was also
proved by X-ray diffraction of the compounds before and
after DTA/TG measurements, showing identical diffraction
patterns. In the case of KNiII[hcf]0.6[hcc]0.4 the loss of mass
is much higher than in the case of KCuII[hcf]0.6[hcc]0.4.
Formally, a water content of 12 mol per formula unit KNiII-
[hcf]0.6[hcc]0.4 is obtained. The larger half-widths of the X-ray
reflections indicate that the effects of particle size, that is,
smaller crystals, may cause a stronger adsorption of water.

Electrochemical Properties. (1) KCuII [hcf]1-x[hcc]x.
Figure 5a depicts a cyclic voltammogram of pure KCuII[hcc].
Interestingly, an oxidation/reduction system is obtained at a
formal potential of ca. 70 mV vs Ag/AgCl. Here, the mid-
peak potential of the cyclic voltammograms is taken as the
formal potential of the voltammetric system.51 This system

can be assigned to the copper(II)/copper(I) oxidation/
reduction. Figure 5b gives a cyclic voltammogram of pure
KCuII[hcf]. The peak system here is assigned to the oxidation/
reduction of the iron ions, as reported by others for copper
hexacyanoferrate film electrodes.1,2 The copper(II) ions are
bound much more weakly and retain their individuality much
more in the hexacyanocobaltate than in the hexacyanoferrate.
The dark brown color of KCuII[hcf] is indicative of a strong
charge transfer between copper and iron ions. KCuII[hcc] is
a light blue-green color as is typical for copper(II) in an
octahedral field of weak ligands. When KCuII[hcc] is
suspended in a KCl solution and ascorbic acid is added while
the suspension is heated, the blue-green particles are
transformed into light yellow particles, as is typical for
hexacyanocobaltate(III) salts where the cations are colorless.
When the solid is filtered off, it can be reoxidized by heating
with diluted nitric acid. The color of the solid is then again
light blue-green. The diffuse reflectance spectra transformed
into Kubelka-Munk functions of both compounds are given
in Figure 6a,b. The strong adsorption band at 700 nm is
typical for copper(II) ions, while the weak adsorption below
500 nm is typical for the hexacyanocobaltate(III) ions.
Because the reduction and oxidation cycles can be repeated,
the chemistry it is based on must be reversible. Because
copper(I) ions have no absorption band in the visible range,
the following reaction is proposed to occur:

(51) Scholz, F. Thermodynamics of Electrochemical Reactions. InElec-
troanalytical Methods; Scholz, F., Ed.; Springer: Berlin, 2002.

Figure 4. (a) Crystal structure of KCuII[hcf]0.3[hcc]0.7. (b) Crystal structure
of KNi II[hcf]0.3[hcc]0.7.

Figure 5. (a) Cyclic voltammogram of KCuII[hcc] in 0.1 M KNO3 and
scan rate 50 mV/s. (b) Cyclic voltammogram of KCuII[hcf] in 0.1 M KNO3,
and scan rate 50 mV/s.

KCu(II)[Co(III) (CN)6] + K+ + e- a K2Cu(I)[Co(III) (CN)6]

(I)
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Solid solutions of KCuII[hcf]1-x[hcc]x exhibit two peak
systems in CV (cf. inset in Figure 7), one at more negative
potentials for copper(II)/copper(I) (marked as I/IV in Figure
7) and one at more positive potentials forhcf(III/II) (marked
as II/III in Figure 7). The peak system I/IV is present in the
range 0.5e x e 1 of hexacyanocobaltate(III), where it shifts
by 90 mV. At smaller contents the peaks become very small
and the peak potential cannot be measured with sufficient
accuracy. The peak system II/III is visible in the rangee 0
x e 0.6. The overall shift here is very small with around 7

mV; however, the shift is very systematic without much
scattering (see Figure 7). In both cases the formal potentials
decrease with increasing hexacyanocobaltate(III) content. To
understand how the substitution of hexacyanoferrate ions by
hexacyanocobaltate ions acts on the electrochemistry, it is
very interesting to study the dependence of the peak currents
of the hcf(III/II) system on cobalt contents of the solid
solutions. To do so, the powder samples of the solid solutions
were carefully mixed in a 1:1 ratio with KNiII[hcf] as an
inner standard. The systemhcf(III/II) in the Ni compound is
sufficiently removed from the same system in the Cu
compounds so that the ratio of the two systems can be easily
determined. The use of the inner standard is necessary
because in the voltammetry of immobilized microparticles
an exact control of the absolute amount of immobilized
substance is not possible. Figure 8 shows that the peak
currents of thehcf(III/II) system in the Cu-containing solid
solutions decrease much more than can be explained by the
stoichiometric decrease of the iron content.

(2) KNi II [hcf]1-x[hcc]x. Pure KNiII[hcf] is a greenish-
brown color, whereas the pure KNiII[hcc] is a greenish-blue
color. The colors of the solid solutions are also greenish-
brown. KNiII[hcc] exhibits no electroactive ions in the
measurable potential range at the graphite electrode. In cyclic
voltammograms of KNiII[hcf] and KNiII[hcf]1-x[hcc]x, the iron
ions are electrochemically active and the oxidation/reduction
peak system is assigned tohcf(III/II) (cf. inset in Figure 9a).
The formal potential shifts with the composition as is shown
in Figure 9a, with an overall shift of 45 mV. Up tox ) 0.1
hexacyanocobaltate(III), the formal potential decreases with
increasing hexacyanocobaltate(III) content. Then, the formal
potential shifts in the positive direction with increasing
hexacyanocobaltate(III) content. To study the dependence
of peak currents on cobalt content, in the case of the Ni
compounds it was necessary to use KCuII[hcf] as the inner
standard. The relative peak heights of the oxidation and
reduction peaks decrease linearly with increasing hexacy-
anocobaltate(III) content (Figure 9b). The freshly synthesized
KNi II[hcf] compound shows a single peak system. After 2

Figure 6. (a) Diffuse reflectance spectrum transformed into Kubelka-
Munk function of KCuII[hcc]. Compound diluted with BaSO4 at the ratio
1:1. Sample measured versus BaSO4. (b) Diffuse reflectance spectrum
transformed into Kubelka-Munk function of KCuI[hcc]. Compound
undiluted and measured versus BaSO4.

Figure 7. Dependence of the formal potentials of the Cu(I)/Cu(II) system
and of thehcf(III/II) system of KCuII[hcf]1-x[hcc] on the molar ratio of
cobalt. The inset shows a cyclic voltammogram of KCuII[hcf]0.3[hcc]0.7, in
0.1 M KNO3, with a scan rate of 50 mV/s.

Figure 8. Dependence of the relative peak heights of the oxidation peak
(9) and reduction peak (b) of thehcf(III/II) system of KCuII[hcf]1-x[hcc]x

on the molar ratio of cobalt. The lines result from an exponential fitting.
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months a second peak system very close to the original
system occurs. Such cyclic voltammograms with two peak
systems were also described by Kulesza and co-workers for
nickel(II) hexacyanoferrate film electrodes.52,53 When two
peak systems occur, the peak heights cannot be measured
with sufficient accuracy.

(3) FeIII [hcf]1-x[hcc]x. Pure FeIII [hcc] is a lemon yellow
color, whereas the FeIII [hcf] is dark green (known as Prussian
green). The solid solutions start with light yellow-green at
lower hexacyanoferrate(III) content and become darker with
increasing hexacyanoferrate(III) content. To study the de-
pendence of peak currents on cobalt content, in the case of
the Fe compounds it was necessary to use KCuII[hcf] as the
inner standard. Interestingly, the high-spin iron is electro-
chemically active also in FeIII [hcc], but the peak heights of
the oxidation and reduction of these high-spin iron ions are
2 orders of magnitude smaller than those in Prussian green
FeIII [hcf], whereas the concentration of the high-spin iron
ions is the same in both compounds (cf. peak system marked
as I/IV in Figure 10a,b). It must be mentioned at this point
that the cyclic voltammogram depicted in Figure 10a is
obtainable only with freshly synthesized FeIII [hcc]. After 2
days, the peak system of low-spin iron appears, obviously
because of a partial decomposition to Prussian green (visible
in the color change to light green). The formal potential of
the high-spin iron system (marked as I/IV in Figure 10a,b)
shifts in the positive direction with increasing hexacyano-

cobaltate(III) content. The overall shift is about 130 mV and
hence higher than those in all other systems that are described
here (Figure 11a). In contrast to that, the formal potential of
the low-spin iron system (marked as II/III in Figure 10b)
shifts only slightly with a minimum at a hexacyanocobaltate-
(III) content of x ) 0.2 (cf. Figure 11b). This peak system
vanishes at a hexacyanocobaltate(III) content abovex ) 0.6.
The relative peak heights for both peak systems decrease
with increasing hexacyanocobaltate(III) content (see Figure
12a,b).

Magnetic Properties.All solid solutions were investigated
using zero field-cooled magnetization in a temperature range
of 5-35 K. In the case of the KCuII[hcf]1-x[hcc]x series, when
x ) 0 (KCuII[hcf]), the interaction between the unpaired
electrons on the eg orbitals of CuII and the unpaired electrons
on t2g orbitals of FeIII leads to a ferromagnetic ordering with
a Tc of 16 K. CoIII exhibits no unpaired electrons; that is,
there is no interaction with unpaired electrons of CuII

possible. Whenx ) 0.8 (KCuII[hcf]0.2[hcc]0.8), the Tc was
found to be 14 K. For the intermediate values ofx, the solid
solutions showed aTc of ∼14-16 K (cf. Table 3), which is
the range of the transition temperature of the constituent
copper hexacyanoferrate. A plot ofM vs H is shown in
Figure 13, typical for the KCuII[hcf]1-x[hcc]x series. The
width of the hysteresis loop is small, indicating that the bulk
magnetization is not so strong. TheHc andHREM values are
quite small. TheM(H) plots do not saturate for any of these
samples, implying that the fieldHapp is not enough to turn
the domains completely along its direction.

(52) Bacskai, J.; Martinusz, K.; Czirok, E.; Inzelt, G.; Kulesza, P. J.; Malik,
A. J. Electroanal. Chem. 1995, 385, 241-248.

(53) Malik, M. A.; Miecznikowski, K.; Kulesza, P. J.Electrochim. Acta
2000, 45, 3777-3784.

Figure 9. (a) Dependence of the formal potential of thehcf(III/II) system
of KNi II[hcf]1-x[hcc]x on the molar ratio of cobalt. The inset shows a cyclic
voltammogram of KNiII[hcf]0.3[hcc]0.7, in 0.1 M KNO3, with a scan rate of
50 mV/s. (b) Dependence of the relative peak heights of the oxidation peak
(9) and reduction peak (b) of thehcf(III/II) system of KNiII[hcf]1-x[hcc]x

on the molar ratio of cobalt. The lines result from a linear fitting.

Figure 10. (a) Cyclic voltammogram of fresh synthesized FeIII [hcc] in
0.1 M KNO3, scan rate 50 mV/s. (b) Cyclic voltammogram of FeIII [hcc]
(Prussian green) in 0.1 M KNO3, scan rate 50 mV/s.
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On the other hand, in the case of the series KNiII-
[hcf]1-x[hcc]x,, theTc was found to increase with decreasing
x, showing a maximum of 23 K forx ) 0.0 (KNiII[hcf]) (cf.
Table 4 and Figure 14). In the case of NiII two unpaired
electrons on eg orbitals can interact with unpaired electrons
on t2g orbital of FeIII . This could be an explanation for the
higher dependency ofTc on the amount of FeIII .

For the series FeIII [hcf]1-x[hcc]x, the highestTc of 22.5 K
was observed forx ) 0.0 (i.e., without CoIII ). Such highTc

was observed because of the potential exchange interactions
between the unpaired electrons on eg orbitals of FeIII and t2g

electrons of low-spin FeIII . KFeIII [hcc] (i.e., whenx ) 1)
was found to undergo a magnetic transition at 11 K because
of the absence of paramagnetic spin on central CoIII . Thus,
the intermediate solid solutions showed a monotonic decrease
in Tc from 22.5 to 11 K (cf. Table 5 and Figure 15) as the
cobalt contentx is increased fromx ) 0 to x ) 1, which
appears logical. In contrast to the KCuII[hcf]1-x[hcc]x series,
here, theHc values are appreciable, ranging from∼40 Oe
for x ) 0.9 andx ) 0.8 to as high as 770 Oe forx ) 0 at
4.5 K. As a representativeM(H) plot for x ) 0 (FeIII [hcf]) is
shown in Figure 16.

Conclusions

Substituting electroactive hexacyanoferrate(III) ions in
solid metal hexacyanoferrates(III) by electroinactive hexacy-
anocobaltate(III) ions affects the formal potentials of both
thehcf(III/II) system and the formal potential of the nitrogen-
coordinated metal ions, provided that they are electroactive.

From the experiments follows that the substitution of iron
by cobalt affects only slightly the formal potential of the
hcf(III/II) system because the nearest iron ion will be six
bonds away from a cobalt ion. The same substitution has a

Figure 11. (a) Dependence of the formal potential of the high-spin Fe-
(II)/Fe(III) system of FeIII [hcf]1-x[hcc]x on the molar ratio of cobalt. (b)
Dependence of the formal potential of thehcf(III/II) (low-spin) system of
FeIII [hcf]1-x[hcc]x on the molar ratio of cobalt.

Figure 12. (a) Dependence of the relative peak heights of the oxidation
peak (9) and reduction peak (b) of the high-spin Fe(II)/Fe(III) system of
FeIII [hcf]1-x[hcc]x on the molar ratio of cobalt. The lines result from a linear
fitting. (b) Dependence of the relative peak heights of the oxidation peak
(9) and reduction peak (b) of the hcf(III/II) (low-spin) system of
FeIII [hcf]1-x[hcc]x on the molar ratio of cobalt. The lines result from an
exponential fitting.

Figure 13. Hysteresis loops for KCuII[hcf]1-x[hcc]x at 4.5 K. (a) KCuII-
[hcf], (b) KCuII[hcf]0.8[hcc]0.2, (c) KCuII[hcf]0.5[hcc]0.5, (d) KCuII[hcf]0.3-
[hcc]0.7, and (e) KCuII[hcf]0.1[hcc]0.9.

Table 3. Tc Values of Solid Solutions of KCuII[hcf]1-x[hcc]x

compound
transition
temp (K) compound

transition
temp (K)

KCu[Co(CN)6] KCu[Co0.6Fe0.4(CN)6] 15
KCu[Co0.9Fe0.1(CN)6] KCu[Co0.5Fe0.5(CN)6] 15
KCu[Co0.8Fe0.2(CN)6] 14 KCu[Co0.2Fe0.8(CN)6] 15
KCu[Co0.7Fe0.3(CN)6] 15 KCu[Fe(CN)6] 16
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larger effect on the system of the nitrogen-coordinated metal
ions, that is, copper(II) or high-spin iron(III) ions, because
they are only separated by three bonds from the cobalt ions.
The results obtained for the solid solutions of hexacyano-
ferrate-hexacyanocobaltates have interesting implications for
a deeper understanding of the isomerization of iron hexacy-
anochromate to chromium hexacyanoferrate, an electro-
chemically driven reaction described earlier.54 This reaction
does not result in any shift of the formal potentials of the

hexacyanoferrate and hexacacyanochromate systems, which
must be expected when solid solutions are intermediates.
Because this was not observed, the reaction must proceed
in a thin layer of a progressing reaction front, completely in
line with model calculations of similar systems.55

In the three series of solid solutions studied, there is no
uniform shift of formal potentials of the redox systems with
increasing hexacyanocobaltate content. There is also no
uniform behavior of the peak currents as a function of the
hexacyanocobaltate(III) content. The linear decrease of the
peak current of the high-spin iron system with increasing
cobalt content in FeIII [hcf]1-x[hcc]x, as well as the exponential
decrease of the peak currents of low-spin iron in KCuII-
[hcf]1-x[hcc]x and FeIII [hcf]1-x[hcc]x, must be the result of a
decreasing rate of charge propagation. Only in the case of
the KNiII[hcf]1-x[hcc]x series do the peak currents of the low-
spin iron decrease proportional to their concentration. Further
studies are necessary to understand the effect of substitution
on electron and possibly also on cation propagation.

The very interesting deviation of the lattice constants from
linearity (Figure 3) goes along with the shifts of the formal
potentials of the electrochemical systems upon varying the
composition. A possible explanation is that the substitution
of iron by cobalt indeed affects the bonding in the entire
network. Thus, the formation of these mixed crystals involves
genuine chemical changes. These deviations from ideality
have not yet been shown for the hexacyanometalate systems.
Certainly, it is important to know all these effects because
only this allows synthesis of tailored compounds.

The X-ray Rietveld refinements of all the studied solid
solutions and pure compounds confirmed the Keggin model
for Prussian blue. Hence, the structure is much more simple
compared to that proposed by Ludi for Prussian blue. The
most significant result from the structure refinement is the
obvious disorder of the potassium sites. Whereas in the case
of the copper-containing compounds the potassium ions are
situated in the centers of the cubes, in the case of nickel
containing compounds they are eccentrically located. The
present study also shows that water molecules are not a lattice

(54) Dostal, A.; Schro¨der, U.; Scholz, F.Inorg. Chem.1995, 34, 1711-
1717.

(55) Hermes, M.; Lovric, M.; Hartl, M.; Retter, U.J. Electroanal. Chem.
2001, 501, 193-204.

Figure 14. Field-cooled magnetization plots for KNiII[hcf]1-x[hcc]x at 500
Oe. (a) KNiII[hcf], (b) KNiII[hcf]0.8[hcc]0.2, (c) KNiII[hcf]0.7[hcc]0.3, and (d)
KNi II[hcf]0.5[hcc]0.5.

Figure 15. Field-cooled magnetization plots for FeIII [hcf]1-x[hcc]x at 500
Oe. (a) FeIII [hcf], (b) FeIII [hcf]0.9[hcc]0.1, (c) FeIII [hcf]0.7[hcc]0.3, (d) FeIII -
[hcf]0.5[hcc]0.5, (e) FeIII [hcf]0.4[hcc]0.6, (f) FeIII [hcf]0.2[hcc]0.8, and (g) FeIII -
[hcc].

Figure 16. Hysteresis loop for FeII[hcf] at 4.5 K.

Table 4. Tc Values of Solid Solutions of KNiII[hcf]1-x[hcc]x

compound
transition
temp (K) compound

transition
temp (K)

KNi[Co(CN)6] KNi[Co0.2Fe0.8(CN)6] 19
KNi[Co0.9Fe0.1(CN)6] KNi[Co0.1Fe0.9(CN)6] 21
KNi[Co0.5Fe0.5(CN)6] 13 KNi[Fe(CN)6] 23
KNi[Co0.3Fe0.7(CN)6] 16

Table 5. Tc Values of Solid Solutions of{FeIII [hcf]1-x [hcc]x}

compound
transition
temp (K) compound

transition
temp (K)

Fe[Co(CN)6] 11 Fe[Co0.4Fe0.6(CN)6] 17
Fe[Co0.9Fe0.1(CN)6] 12 Fe[Co0.3Fe0.7(CN)6] 18
Fe[Co0.8Fe0.2(CN)6] 12 Fe[Co0.2Fe0.8(CN)6] 19
Fe[Co0.7Fe0.3(CN)6] 12.5 Fe[Co0.1Fe0.9(CN)6] 20
Fe[Co0.6Fe0.4(CN)6] 13.5 Fe[Fe(CN)6] 22.5
Fe[Co0.5Fe0.5(CN)6] 14.5
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constituent of the metal hexacyanometalates. This fact has
the very important implication that the alkali metal ions must
exist unhydrated in the solid compounds. Therefore, the en-
tropy change occurring when the alkali metal ions enter the
solid compounds in insertion electrochemical reactions is
determined by their complete dehydration.56 Further, because
there is even no partial hydration cloud around the metal
ions in the solid compounds, the mobility of alkali metal
ions in the channels of the solid metal hexacyanometalates
should increase with decreasing alkali metal ion radius, thus

providing the highest mobility in the case of lithium ions.
In a separate paper on the impedance spectroscopy of these
compounds we will show that this is indeed the case.
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