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Abstract Electrochemical reduction/oxidation cycles of
immobilised powder mixtures of KCu[hcc] and KZn[hcf]
as well as their mechanical milling lead to the formation
of a quaternary solid solution (mixed crystals) with
Cu’" and Zn°" on the nitrogen coordinated sites
and Fe’" and Co®" on the carbon coordinated sites.
The reaction products were studied by the X-ray
diffractometry and voltammetric techniques. The for-
mation of solid solutions of the general formula
KCu,Zn,_[hcc],[hcf];., is the first example of an elec-
trochemical and mechanochemical reaction leading to
mixed hexacyanometalates.

Keywords Tribochemistry - Cyclic voltammetry -
XRD - Hexacyanoferrates - Solid solutions

Introduction

Transition metal hexacyanometalates form a class of
zeolitic inorganic compounds that have been studied
extensively because of their outstanding properties.
These compounds show  reversible insertion
electrochemistry [1-4], electrochromism [5-11], the
capability to be used in rechargeable batteries [12—16]
and possess electrocatalytic activities [17-20]. Potas-
sium zinc(IT) hexacyanoferrate(Il) has been used as ion
exchanger [21-24]. Most metal hexacyanometalates

Dedicated to Professor Dr. G. Horanyi on the occasion of his 70th
birthday.

A. Widmann - H. Kahlert (<) - H. Wulff - F. Scholz
Institut fiir Chemie und Biochemie,

Universitit Greifswald, Soldmannstr. 23,

17489 Greifswald, Germany

Tel.: +49-3834-864452

Fax: +49-3834-864451

E-mail: hkahlert@uni-greifswald.de

belong to the cubic crystal system [25-27]. However,
some metal hexacyanometalates have hexagonal crystal
structures as, e.g., zinc- and silver hexacyanofer-
rate(III) [28-30]. For some metal hexacyanometalates
it is well known that isomerisation reactions occur
during electrochemical conversion, e.g., chromium(II)
hexacyanoferrate(III) isomerises to iron(I) hexacy-
anochromate(IIl) [31]. It has long been known that
iron(Il) hexacyanochromate(IIl) also undergoes ther-
mal isomerisation to chromium(III) hexacyanofer-
rate(I) at a temperature around 100 °C [32-34].
Several authors have described the synthesis and the
electrochemical and magnetic behaviour of substitu-
tional solid solutions of metal hexacyanometalates with
substituted nitrogen coordinated metal ions [35-39].
Recently, we have described solid solutions where the
carbon coordinated positions are populated by two
kinds of metal ions [40] and also mixed solid solutions
where both the nitrogen and carbon coordinated sites
are populated by two different metal ions. All these
solid solutions have been synthesised by precipitation
from solutions. Nothing is known about the reactivity
of metal hexacyanometalate mixtures with different
crystal structures. The formation of solid solutions of
such parent systems has not yet been described.
Tribochemical reactions have been reported during
grinding of metal hexacyanoferrates(III) (M[hcf] w1th
M being K*, Zn®>*, Mn®", Co*", Ni** and Cu®>",
respectively) Wlth KBr. Durmg that reaction the metal
hexacyanoferrate(I1l) is reduced to the metal hexacy-
anoferrate(Il) and Br~ is oxidised to Br, [41]. The
sequence of reactivity has been found to be
K™ << Zn*" < Mn?", Co?™, Ni** < Cu?™.

The objective of this paper is to report on electro-
chemical and tribochemical reactions of potassium
copper(Il) hexacyanocobaltate(IIl) (KCufhcc]) with
potassium zinc(IT) hexacyanoferrate(IIT) (KZn[hcf]) and
to compare the reaction product with a compound
synthesised by precipitation. Because the electrochemi-
cal properties of hexacyanometalates are very sensitive



and typical fingerprints of the involved compounds [42,
43], the insertion electrochemistry of the starting mate-
rials was studied by voltammetry of immobilised parti-
cles (VIM) [44—46]. The X-ray diffractometry was also
applied as a most suitable tool to study the solid reaction
products.

Experimental
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 versus 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 Elektro-
kohle Lichtenberg, Berlin, Germany) impregnated in
molten paraffin [44-46]. For all cyclic voltammetric
measurements, a scan rate of 50 mV s~ ! was used.

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

The X-ray powder diffraction data were collected at
room temperature in parafocusing BRAGG-BRENT-
ANO geometry with a D5000 Siemens diffractometer
(Siemens, Germany) equipped with a secondary graphite
monochromator. CuK, radiation was used. The con-
tinuous scan was applied in the 20 range 10°-90° with
10 s fixed time for each 0.02° per 20 step. The quanti-
tative analysis and the calculation of the lattice con-
stants were performed using the Rietveld method
(FULLPROF [47, 48]). For all diffraction patterns, the
peak profiles were modelled using a pseudo-Voigt
function.

The samples were milled with a ball mill Vibrator
(Narva, Brand-Erbisdorf, Germany). The diameter of
the inner ball was 1 cm and of the outer ball was 2.6 cm.

Electrode preparation

The solid compounds were studied by employing cyclic
voltammetry with microparticles attached to the surface
of a PIGE (cf. the VIM) [44-46] in 0.1 M KNOj solu-
tion with a scan rate of 50 mV s~ '. The sample prep-
aration was carried out as follows: 1-3 mg of the sample
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powder were placed on a glass plate. The electrode was
gently rubbed over the material in order to immobilise
some traces on the electrode surface. After measure-
ment, the electrode surface was cleaned by rubbing over
abrasive paper and finally polished on white printing
paper.

Chemicals

The chemicals used were all of p.a. quality and pur-
chased from Merck (Germany): K;[Fe(CN)g], CuCl,,
KNO;, CoCly,'6 H,O, KCN, ZnCl,, conc. H,SO4 and
conc. HCI. Bidistilled water was used throughout.
K;[Co(CN)g] was synthesised according to [49].

Synthesis of KCu[hcc]5.7 H,O

A 0.2 mol L™ solution of K;[Co(CN)¢] was added
dropwise to the stirred solution of 0.2 mol L™" solution
of CuCl, with an excess of KNO;3. Following the addi-
tion the precipitate was allowed to stand for one night
and then centrifuged. After washing twice with bidis-
tilled water, it was dried at 40 °C. The dried product
formed a light blue green glassy solid, which was milled
in a mortar and washed carefully several times with bi-
distilled water to remove last traces of potassium nitrate
and chloride.

Synthesis of KZn[hcf]-0.25 H,O

A 0.2 mol L™" solution of K;[Fe(CN)s was added
dropwise to the stirred solution of 0.2 mol L™" solution
of ZnCl, with an excess of KNOj. After the addition the
precipitate was allowed to stand for one night and then
centrifuged. After washing twice with bidistilled water, it
was dried at 40 °C. The dried product formed a light-
yellow solid. The washing procedure was the same as in
the case of KCu[hcc]5.7 H,O.

Synthesis of K¢ 4Cug 65Zng ¢s5[hec]o ss[heflo.456 H,O

The mixed solutions of 0.1 mol L™' K5[Co(CN)4] and
0.1 mol L' K;[Fe(CN)g] were added dronise to the
mixed and stirred solution of 0.1 mol L™ CuCl, and
0.1 mol L™' ZnCl, with an excess of KNO;. After
addition the precipitate was allowed to stand for one
night and then centrifuged. After washing twice with
bidistilled water, it was dried at 40 °C. The dried product
formed a yellow-brown glassy solid. The washing pro-
cedure was the same as in the case of KCu[hcc]5.7 H,O.

Milling process to form KCu,Zn;_,[hcc],[hef];_,

KCu[hcc]'5.7 H,O and KZn[hcf]-0.25 H,O were given in
a ratio of 1:1 into a ball mill and milled in 2 min steps.
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After each milling step, a sample of the milling product
was taken for CV, diffuse reflectance spectroscopy and
X-ray measurements. The whole milling process took
2 h.

Milling experiment with dried samples

KCu[hcc]'5.7 H,O and KZn[hcf]-0.25 H,O were dried at
180 °C for about 2 h. The dried compounds were milled
in a weight ratio of 1:1 in the ball mill, which was placed
in a glove box. The air in the glove box was dried with
silica gel before for about 1 week. After milling, the X-
ray measurements were done immediately.

Chemical analysis

CHN-analyses were done using LECO-CHNS-932
(Leco, St. Joseph, USA). Before performing AAS anal-
ysis, the samples were digested in the following way:
0.25 g of the powder sample were boiled for about 1 h
with 20 mL conc. H,SO4 and afterwards 20 mL conc.
HCI was given to the solution and boiled for another
hour. After boiling the solution was given into a 100-mL
flask and filled up with bidistilled water. The AAS-
measurements were performed using an AAS 3100
(Perkin-Elmer, Rodgau-Jidesheim, Germany). The
evaluation was made by using calibration curves with
1 g L7! standard solutions from Merck (Darmstadt,
Germany). The following analytical data have been
determined. (a) K ,»Cu; 4[Co(CN)g]-5.7 H,O (KCu[hcc]):
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Fig. 1 Cyclic voltammogram of a KCufhcc], b KZn[hcf] in 0.1 M
KNO;

Mass (%)

K Cu Co C H N O
Found 212 2144 14 17.18 2.2 20.74 22.32
Calculated 1.86 21.14 14.02 17.14 273 19.99 23.12
(b) Ko.32Zn; 34[Fe(CN)s]-3 H,O (KZn[hcf]):

Mass (%)

K Zn Fe C H N O
Found 3.55 2416 15.55 19.71 1.704 23.31 12.02
Calculated 3.42 2393 1525 19.68 1.65 2295 13.12
(©) Ko.4Cug 65Zng ¢5[hcc]o.ss[hetflo 456 HyO:

Mass (%)

K Cu Zn Fe Co C H N O
Found 344 10 11 596 7.68 17.43 2.8 20.94 20.75
Calculated 3.71 9.81 10.10 5.97 7.69 17.11 2.87 19.95 22.79

Results and discussion
Electrochemical properties

Mechanochemical formation of KCu,Zn;_.[hce] [hef] ..

Figure la shows a cyclic voltammogram of pure
KCulhce]. As reported earlier, an oxidation/reduction
system is obtained at a formal potential of ca. 70 mV
versus Ag/AgCl [40]. The mid-peak potential of the
cyclic voltammograms is taken as the formal potential of
the voltammetric system [47]. This system is caused by
the copper(Il)/copper(I) reduction/oxidation [50] cou-
pled with the insertion/expulsion of K ions:

KCu’*[hee] + e~ + K, =K,Cu'* [hec]. (1)

Figure Ib shows a cyclic voltammogram of pure
KZn[hcf]. The peak system at 918 mV is due to the
reduction/oxidation of the low-spin iron ions of the
hexacyanoferrate units coupled with the insertion/
expulsion of K™ ions:



KZn[hef] + K}, + e~ =Ky Znl[hef]. (2)

This peak system is reversible and completely stable in
cyclic voltammetry. An important feature of the two
electrochemical systems is that the peak currents of the
copper system (Fig. 1a) are about three orders of mag-
nitudes smaller than the peak currents of the iron system
(Fig. 1b). This leads in experiments with powder mix-
tures of the two compounds to the fact that the copper
system is not detectable together with the iron system,
although it is present, of course. The reasons for the low
currents of KCu?" [hec] are not clear yet. Surface con-
finements of the reduction can be excluded from exper-
iments with a chemical reduction of KCu?" [hcc] by
ascorbic acid, where complete reduction is observed [40].

An experiment was made in which both solids were
milled in a weight ratio of 1:1 and samples were taken in
intervals of 1 min at the beginning of the experiment to
measure the cyclic voltammograms. At the end of the
experiment longer time intervals between the samplings
were chosen. It results that by milling over a longer time
the iron(Il)/iron(Ill) redox system of KZn[hcf] disap-
pears after some scans. Already after milling for 1 min
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Fig. 2 Cyclic voltammogram of KZn[hcf] mixed with KCu[hcc] in
0.1 M KNO;, after milling a 1 min, b 5 min
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only the reduction peak disappeared (Fig. 2a) and after
milling 5 min the oxidation peak could be found only
during the first scan (Fig. 2b). After milling 40 min the
oxidation peak of KZn[hcf] can still be found but only
during the first scan. A new peak system appears at
637 mV which exhibits stability and reversibility. The
peak potentials of both compounds, the starting com-
pound KZn[hcf] and the compound with the new vol-
tammetric system at 637 mV, shift within the time of
milling. Figure 3a shows the dependence of the oxida-
tion peak potential of KZn[hcf] on the milling time. The
oxidation peak potential shifts by 170 mV to negative
values within 50 min of milling. The strongest shift takes
place during the first 10 min. Because the reduction peak
of the KZn[hcf] cannot be observed, nothing can be said
about a shift of the formal potential. The formal po-
tential of the new formed phase definitely shifts during
the milling (Fig. 3b). This shift is much smaller than the
shift of the oxidation peak potential of KZn[hcf]. A
potential shift is typical when a new “mixed” com-
pound, i.e. substitutional solid solution is formed [37].
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Fig. 3 a Dependence of the oxidation peak potential of KZn[hcf] in
the time of milling. b Dependence of the formal potential of
KCu,Zn_,[hcc],[hef]y., in the time of milling
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The CV experiments allow to suppose that a new sub-
stitutional solid solution with the formula KCu,Zn,_,
[hec], [hef];, is formed during milling:

xKCulhee] + 1 — x KZn[hcf|=KCu,Zn;_,[hcc] [hef], ..
(3)

Electrochemical formation of KCu,Zn;_.[hcc] [hef] .«

When two solid compounds are immobilised as a
mechanical mixture on the surface of an electrode,
usually two independent signals are observed [40, 51].
However, when KCu[hcc] and KZn[hcf] were mixed
together in a weight ratio of 1:1, a very different obser-
vation was made. In the case of this mixture of KCu[hcc]
and KZn[hcf], it is not possible to see the copper(II)/
copper(l) redox system of KCu[hcc] because the iron(IT)/
iron(IIT) system of KZn[hcf] has much higher currents.
Interestingly during the first scan, a new peak system
appears at a formal potential of 637 mV while the peak
system belonging to the iron ions of KZn[hcf] is found at
a formal potential of 925.5 mV (Fig. 4a). During the
next cycles the iron(Il)/iron(IIl) peak system of
KZn[hcf] decreases and after 23 scans it totally disap-
peared while the new peak system at the formal potential
of 637 mV increases and exhibits a small shift of 10 mV
into positive direction (end potential=647 mV)
(Fig. 4b, ¢).

As described in the Experimental Section, the com-
pound Ky 4Cuq 5Zng gs[hec]o ss[heflo.456 HO was syn-
thesised by co-precipitation as a reference substance and
the cyclic voltammograms of that compound were re-
corded. Only one electrochemically active reversible
peak system is observed (Fig. 5). After 30 scans the
formal potential is 647 mV which is exactly the same
formal potential of the compound that formed in the
course of milling experiments described above. Because
of this fact, the compound Kg4Cugg5Zng¢shcc]o ss
[hef] 456 H,O can be taken as a reference substance to
understand the milling experiments and the cyclic vol-
tammograms of the powder mixtures.

X-ray investigations

Figure 6 shows the powder diffraction patterns of the
parent substances (a) KZn[hcf] and (b) KCu[hcc]. The
X-ray patterns of the two phases are different due to
their different crystal structures. The crystal structure of
the Prussian blue analogue sample KCu[hcc] was solved
on the basis of the model of Keggin and Miles [25] and is
described elsewhere [40]. The space group of KCulhcc] is
Fm3m. The structure of potassium zinc(II) hexacyano-
ferrate(I1T) KZn[hcf] has not yet been described in the
literature. LoosNeskovic et al. [29, 30] have reported on
the crystal structure of alkali (Na, K) zinc(II) hexacy-
anoferrate(IT), MZn, s[hcf].
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Fig. 4 a Cyclic voltammogram of KZn[hcf] mixed with KCu[hcc]
in 0.1 M KNOs, a l.scan, b 1.-30. scan, and ¢ 30. scan

KZn[hcf] forms a hexagonal lattice (SG : R3c). Its X-
ray powder pattern looks like the potassium-free zinc(II)
hexacyanoferrate(IIl) [52]. About the structure data of
the zinc hexacyanoferrate(IlI) compounds we will report
in a separate paper.

Figure 7a shows the powder pattern of the 1:1 mix-
ture of KZn[hcf] and KCu[hcc] after a milling time of
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1 min. The patterns of both compounds are clearly ob-
servable, but all the peak positions of the cubic
KCulhcc] are shifted to smaller angles. The lattice con-
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Fig. 6 X-ray powder pattern of a KZn[hcf], b KCu[hcc]
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Fig. 7 a X-ray powder pattern of the mixture of KZn[hcf] and
KCulhee] after 13 min milling. Plus symbol hexagonal phase,
asterisk cubic phase. b X-ray powder pattern of K 4Cugg5Zng g5
[heco ss(heto.a56 HoO

stants (Fig. 8a) as well as the intensities of the cubic
phase and the intensity ratio KCu[hcc]/KZn[hcf]
(Fig. 8b) increase linearly up to a milling time of 13 min.
Longer milling times cause decreasing peak intensities of
both compounds. No further shift of the peak positions
could be observed. This behaviour is in very good
agreement with electrochemical measurements: CV data
also show that KZn[hcf] degrades during the milling
process. The degradation can be clearly seen up to
13 min, too. After 45 min the diffraction patterns show
only weak and strongly broadened reflections of the
cubic phase (Fig. 7b). The crystalline samples become
more and more amorphous. The lattice parameters are
given in Table 1. To prove whether the resulting com-
pound is a new substitutional solid solution of the
composition KCu,Zn_,[hcc],[hcf];.,, X-ray powder
diffraction data were collected of the chemically syn-
thesised reference substance Kg4Cug g5Zng6s[hcclo ss
[heflp4s56 H,O. The X-ray pattern of the reference
substance is nearly identical to the pattern of cubic
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Table 1 Milling time, lattice constants of KCu[hcc], percentage of the mixture components KCu[hcc]/KZn[hef], Goodness of fit values
(Rywp/Rexp), mean domain sizes (<D >) of KZn[hcf] and of KCu[hcc]

Milling time (min) Lattice constant (A) KCufhec]/KZn[hef] (%) Ryp/Rexp <D> (nm)
KCulhec] KZn[hcf]
0 10.043(2) 44/56 6.34/3.72 53 150
1 10.053(2) 49/51 6.62/3.59 46 127
3 10.074(3) 53/47 6.46/3.68 35 86
5 10.100(3) 59/41 6.63/3.59 24 66
7 10.124(4) 63/37 6.83/3.58 22 50
9 10.138(3) 68/32 10.1/3.59 21 39
11 10.144(4) 73/27 11.7/3.66 19 32
13 10.157(3) 80/20 11.9/3.66 20 25
15 10.145(3) 79/21 11.2/3.73
20 10.142(4) 76/24 12.6/3.89

The mean domain sizes were calculated using the Scherrer equation. The line profiles were fitted by a pseudo Voigt function. The integral
breadths of diffraction line profiles were corrected with the integral breadths of the instrumental function

KCulhcc]. Differences mainly exist in the peak positions
(Fig. 7c).

Rietveld refinements show that the composition of
the powder mixture KZn[hcf] and KCu[hcc] changes
during the milling process (Fig. 8a) and that the lattice
constant of the cubic phase increases within the milling
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Fig. 8 a Fraction of the cubic phase in the powder mixture of
KZn[hcf] and KCu[hcc] versus milling time. b Lattice constant of
the cubic phase versus milling time

time (Fig. 8b). This observation can only be explained
with an introduction of larger ions into the cubic lattice
of KCu[hcc]. Zn>* (88 pm) is larger than Cu®" (87 pm).
The size difference between the anions may also cause an
increase of the lattice constants: Co> " (68.5 pm); Fe’ 'y
(69 pm) [53]. Only the introduction of both, the cations
and anions, into the cubic KCulhcc] can explain the
observed expansion of the cubic unit cell.

To prove whether the crystal water plays an impor-
tant role in the reaction pathway in this solid state
reaction, the samples where dried at 180 °C for 2 h. The
DTA/TG-curves showed that at this temperature all
water has left the compounds. The X-ray powder pat-
terns of the pure compounds show that the crystal
structure remains stable after drying. The same milling
experiment as described above was performed with the
dried samples. One result of drying was that the com-
pounds were not as stable as before. After 1 min milling
of a mixture of both dried samples in a weight ratio 1:1,
peak intensities of both compounds decrease. No shift in
the peak positions can be observed. The same result
occurs after grinding 3 min. After 5 min milling the
peaks of both compounds can be found, but most of the
mixture is X-ray-amorphous. In contrast to the grinding
experiments described above, here both phases disappear
and even the cubic phase is yet amorphous after milling
of 9 min. The fact that the peaks decrease simultaneously
and that there is no peak shift in the cubic phase prove
that no solid state reaction takes place. Otherwise the
cubic phase should have remained longer stable than the
hexagonal phase and a change in the lattice parameters
of at least one compound should have been observed.

Diffuse reflectance spectroscopy

The pure KZn[hcf] has a light yellow colour with an
absorption band at 425 nm due to charge transfer from
the cyanide ligand to iron(IIl), which is found in the
diffuse reflectance spectra transformed into the Kub-
elka—Munk function. The light blue green KCu[hcc] has
a typical absorption band at 711 nm (Fig. 9) due to
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Fig. 9 Diffuse reflectance spectrum transformed into the Kubelka—
Munk function of KZn[hcf] and KCu[hcc]

copper(Il) ions. The charge transfer from the cyanide
ligand to cobalt ions is not visible in the measured range.
During the milling, the colour changes from light yel-
low-green after 1 min milling through dark grey-green
(at a milling time of 25 min.) to grey-brown after about
2 h (see Fig. 10). During the milling, the absorption
band at 425 nm shifts up to 440 nm and the intensity
increases within the time of milling. The second
absorption band shifts from 761 nm to 768 nm and the
intensities increase with milling time. After milling for
about 2 h, a new absorption band appears at around
550 nm. This band is associated with the iron to copper
charge transfer in cupric ferricyanide [54].

Mechanism

A schematic mechanism for the reaction of KCu[hcc]
with KZn[hcf] is proposed and discussed on the basis of

4.0 4
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N
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Fig. 10 Diffuse reflectance spectrum transformed into the Kub-
elka—Munk function of the mixture of KZn[hcf] and KCu[hcc] after
a 1 min, b 25 min, ¢ 2 h milling

387

the results of electrochemistry and the X-ray investiga-
tions. Figure 11a shows schematically the particles of
both compounds immobilised on the electrode. The CV
shows only the signal of KZn[hcf]. KCulhcc] gives no
detectable signal in the mixture of both compounds as
mentioned earlier. After a short time of milling and also
after the first scan in CV a small reaction zone is formed,
where Cu®* with Zn?>" and [hcc] with [hef] have a higher
mobility than in the parent compounds (Fig. 11b). The
presence of the new solid mixed phase can be deduced
from CV and XRD. In CV, a new signal appears at a
different formal potential. The position of the new vol-
tammetric system is in agreement with the potential of
the reference substance K 4Cugg5Zng gs/hcc]o ss
[hef]p.456 H,O. The X-ray powder patterns support the
diminishment of the amount of KZn[hcf] and the in-
crease of the lattice parameters of the cubic phase by
introducing larger ions. After this short time of milling,
the signal of the redox system of KZn[hcf] can also be
found in CV; however, it is already influenced by a new
chemical environment. It can be assumed that the mixing
process does not proceed with the same rate for the an-
ions and cations. Probably, the first step is the diffusion
of the cations because they are much smaller than the
complex anions. Thus it is logic to assume that mixed
CuZn[hcf] and CuZn[hcc] are formed leading to the ra-
ther strong shift shown in Fig. 3a. This is followed by an
interdiffusion of the anions and the formation of the
quaternary solid solution KCuZn[hcf][hcc]. After longer
milling time or more scans in CV a decrease of the signal
of the transition zone is observed. The peak currents of
this signal become smaller, because a dilution of the [hcf]
units by electrochemically inactive [hec] units takes place.
The position of the formal potential of this redox system
is not varying very much, because substitution of the C-
bound metal ion does not influence the formal potential
of the low spin iron ions that much [40]. After very long
time of milling one can still find small amounts of the
hexagonal phase in powder diffractograms and an oxi-
dation peak of KZn[hcf] in CV. This means that a
complete mixing of both the cubic and hexagonal com-
pound can be excluded (Fig. 11c). The crystal water was
found to be necessary for the mechanochemical reaction.

Conclusions

This study shows that under very different conditions,
i.e., in electrochemical redution/oxidation cycles and in
mechanochemical experiments, two metal hexacyano-
metalates react to form a solid solution. The driving
force must be in both cases the mixing entropy, however,
the activation of the reactants is achieved differently.
When the two hexacyanometalates are electrochemically
cycled between the two possible oxidation states
(Cu>*'* for KCulhec], and Fe* /2" for KZn[hcf]) the
solubilities will be also cyclically increased and decreased
[51]. This may be sufficient to explain the formation of
the mixed solution when the two compounds are in
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Fig. 11 Scheme of the solid a)

state reaction between KZn[hcf]

and KCufhcc] a.before mjl!ing,

b after a short time of milling, adsorptive

¢ after a long time of milling
crystal water

b)

no signal in CV

&)

no signal in CV

no signal in CV

signal in CV

¥

signal in CV influenced by
chemical surrounding

/

mixed signal in CV

CuZnhcchef

signal in CV influenced by
mixed signal in CV chemical surrounding

intimate contact on the electrode surface and redox cy-
cled in CV experiments. The milling experiments clearly
showed that a certain water content is necessary to
achieve the solid solution formation. As it is well known
for tribochemical reactions, it can be supposed that the
mechanical energy produces the formation of a softened
interphase in which the ions possess a larger diffusivity
than in the intact lattices of the parent compounds. It is
also known from the literature that additives leading to
sorption or a reaction with the solid during milling
experiments strongly influence tribochemical reactions.
It is assumed that the surface energy of a solid is reduced
by the influence of an additive and some of its
mechanical properties are assumed to be changed. Such

an effect is remarkable, i.e., for ionic crystals by the
addition of polar substances like water [55]. The present
study is the first example that electrochemical cycling of
a powder mixture can achieve the same results as a
mechanical activation by milling.
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