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Abstract The formation of a rigid bilayer structure from
two metal hexacyanoferrates: Prussian blue (PB) and
nickel hexacyanoferrate (NiHCNFe), as inner and outer
films, respectively, has been demonstrated. To avoid
intermingling of the granular cyanometallate micro-
structures, namely of the outer film (NiHCNFe) into the
inner film (PB), the morphology of outer film material
was changed by forming a polymeric hybrid (composite)
of NiHCNFe with poly(N-methylpyrrole). The outer
NiHCNFe film is physically separated from the elec-
trode surface, and it undergoes redox reactions at
potentials characteristic of the inner PB film. This
arrangement leads to the reversible charge state trapping
and bistable switching during voltammetric potential
cycling. Under solid-state voltammetric conditions in the
absence of contact with the liquid electrolyte phase,
when the bilayer structure of PB and the oxidized
NiHCNFe was formed between two sandwich-forming
carbon electrodes, unidirectional rectifying current flow
has been observed.
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Introduction

Preparation and characterization of zeolite-like Prussian
blue (PB) type cyanometallates with identifiable and
fixed mixed-valent metal ionic (redox) centers is cur-
rently of great interest. The versatility and relative ease
of preparation and experimentation has prompted the
increased interest in the application of metal hexacy-
anoferrates to advanced materials fabrication. Attention
is focused onto the systems’ electrochromism [1, 2, 3, 4],
capability to store cations [5, 6, 7, 8], membrane and ion-
exchange selectivity [2, 9, 10, 11, 12], ability to mediate
and electrocatalyze various reactions [13, 14, 15, 16, 17,
18, 19],molecular magnetism [20, 21, 22], and electronic
(rectifying) effects [23]. Metal hexacyanoferrates are
well-defined inorganic materials that, from a functional
point of view, resemble both p-conjugated conducting
polymers [24, 25, 26, 27, 28] and redox conducting
polymers in which charge transport occurs by electron
hopping between distinct and spatially constrained
electron donor–acceptor sites [27, 29]. PB and its ana-
logues [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23], which possess properties permit-
ting their processing into thin films, are characterized by
well-defined, reversible and reproducible responses in
potassium salt supporting electrolytes. Recent studies
indicate the possibility of forming bilayer-type micro-
structures through ion exchange or insertion/substitu-
tion reaction involving PB [30, 31].

One of the attractive targets in the field of modified
electrodes is the development of functional films which
exhibit potentially useful electrical and optical re-
sponses, including current rectification, charge trapping
and amplification, electron–hole pair separation, and
gates for ion flow [32, 33, 34]. In the present work, we
show that bilayers formed by two physically discrete
cyanometallate films, iron(III,II) hexacyanofer-
rate(II,III), i.e., PB, and nickel(II) hexacyanofer-
rate(II,III) (NiHCNFe), which contain redox centers of
distinct formal potential values, can produce arrange-
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ments leading to unidirectional (rectifying) current flow
and charge state trapping effects. Previously, both PB
and NiHCNFe films were investigated separately, and
they were the subject of fundamental studies on solid-
state bulk and interfacial charge transfer [2, 5, 11, 35, 36,
37, 38, 39, 40, 41]. When it comes to the formation of
two-layer structures, the important issues are the
adherence, rigidity, compactness of inner (PB) and outer
(NiHCNFe) layers, and the dynamics of charge transfer
at their interfaces [42, 43, 44, 45, 46]. To overcome the
problem of the granular morphology of cyanometallate
films and to assure their physical discreteness within the
bilayer structure, we refer here to the recent concept of
the preparation of a fairly dense composite film [47] in
which metal hexacyanoferrate is introduced into the
conducting polymer matrix. Poly(N-methylpyrrole)
(PMPy) [48] was chosen here owing to its stability in the
potential ranges where PB and NiHCNFe are electro-
active. Finally, we demonstrate the feasibility of recti-
fying the operation of the PB/NiHCNFe bilayer under
solid-state two-electrode voltammetric conditions [29,
38],i.e., within a sandwich design in the absence of liquid
electrolyte.

Experimental

All chemicals were analytical grade materials and were
used as received. Solutions were prepared from distilled
and subsequently deionized water.

Before modifications, a glassy carbon disk substrate
(geometric area 0.071 cm2) was activated by polishing it
with successively finer grades of aqueous alumina slurries
(grain size 5–0.5 lm) on a polishing cloth. The inner PB
film was fabricated on glassy carbon by electrodeposition
from the solution (50 cm3) formed following mixing
40 cm3 1.0 mol dm�3 KCl with 5 cm3 0.1 mol dm�3

K3[Fe(CN)6] and 5 cm3 0.1 mol dm�3 FeCl3 (in
0.1 mol dm�3 HCl). The procedure involved controlled
potential electrolysis at 0.5 V for 120 s and produced a PB
film of 150–200-nm thickness. The outer NiHCNFe
composite film that containedPMPywas electrodeposited
onto the inner PB film through the application of 15 full
voltammetric cycles at 50 mV s�1 in the potential range
from 0.85 to �0.4 V in the solution obtained by mixing
48.5 cm3 1.0 mol dm�3 KCl with 0.5 cm3 0.1 mol dm�3

K3[Fe(CN)6], 0.5 cm3 0.1 mol dm�3 NiCl2, and 100 ll
PMPy (final concentration 0.02 mol dm�3). In the pro-
cedure, the conducting polymer (PMPy)was generated on
the electrode surface during positive potential scans [24,
25, 26, 47], whereas NiHCNFe was electrodeposited
during negative potential scans [39, 41, 49]. The micro-
structures of the polymer (PMPy) and the polynuclear
inorganic compound (NiHCNFe), that were alternately
generated and deposited during positive and negative
potential scans, are expected to interact electrostatically
with each other because partially oxidized PMPy is posi-
tively charged and NiHCNFe is anionic. The thickness of
the resulting (outer)NiHCNFe–PMPyfilmwas estimated

to be around 200–250 nm. Finally, a simple (single com-
ponent) PMPy film was obtained by potential cycling as
described earlier except that no nickel and hexacyano-
ferrate salts were present in the solution for modification.

Loadings (in moles per square centimeter) of metal
hexacyanoferrate films on electrode surfaces were esti-
mated upon determination of charges under the system’s
voltammetric peaks (oxidation) recorded at a slow scan
rate, 5 mV s�1. Film thickness was determined using
profilometry (Talysurf 50, Rank Taylor Hobson).

The solid-state (i.e., in the absence of an external
phase of supporting electrolyte) voltammetric experi-
ments were executed with two inert glassy carbon slide
electrodes that had been mounted in a sandwich con-
figuration [29, 38] (spacing between electrodes around
0.6 mm; effective geometric area 0.3 cm2). Approxi-
mately 10 mg PB or oxidized NiHCNFe well-ground
cyanometallate powder was introduced onto each
sandwich-forming glassy carbon electrode. When using
a three-electrode potentiostat, the operation of a cell in
two-electrode mode implied that one of these two elec-
trodes was connected as a working electrode and the
second one acted as reference and counter electrodes
simultaneously. To assure good contact of electrodes
with the material, a pressing weight was used. The
assembly was enclosed in Teflon tubing and sealed to
protect the material from dehydration.

Glassy carbon slides modified with metal hexacy-
anoferrate and composite films were examined ex situ
using a Digital Instruments (Santa Barbara, CA, USA.)
Nanoscope II atomic force microscope (AFM) in
Tapping Mode (intermittent contact) with the standard
silicon nitride (Si3N4) probe tips. The AFM probe tip
was attached to an insulating cantilever; resonant fre-
quencies in the range 150–180 kHz were applied. The
use of the AFM to examine the surface morphology of
organic–inorganic hybrid materials was established
earlier [48]. The presence of metallic elements (Fe and
Ni) in the films was confirmed with the use of an energy
dispersive X-ray spectroscopy unit for elemental analysis
(coupled with a JEOL model JSM-5400 scanning elec-
tron microscope).

Experiments were carried out at room temperature
(22 �C). All potentials were expressed versus the KCl
saturated Ag/AgCl reference. Electrochemical measure-
ments were done with a CH Instruments (Austin, TX,
USA) model 660 analyzer.

Results and discussion

Electrochemical identity of PB, NiHCNFe, PMPy,
and bilayer films

Typical cyclic voltammetric responses of PB, NiHCNFe,
and PMPy films recorded in 0.50 mol dm�3 K2SO4 are
shown in Fig. 1. The electrochemical behavior of PB
(Fig. 1, curve a) is dominated by two sets of voltam-
metric peaks that originate from the reactions of the
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oxidation of PB to iron(III) hexacyanoferrate(III),
Prussian yellow, at about 0.9 V (Eq. 1), and the reduc-
tion of PB to iron(II) hexacyanoferrate(II), Prussian
white, at about 0.2 V (Eq. 2) [2, 5, 11, 35, 36]:

KFeIII FeII CNð Þ6
� �

� e� �Kþ , FeIII FeIII CNð Þ6
� �

;

ð1Þ

KFeIII FeII CNð Þ6
� �

þ e� þKþ , K2Fe
II FeII CNð Þ6
� �

:

ð2Þ

The response of NiHCNFe film (Fig. 1, curve b) is
characterized by overlapping redox reactions at about
0.4–0.6 V. Although the approximate formulas
KNi1.5[Fe

II(CN)6] and K2Ni[FeII(CN)6] are usually
assigned to two predominant forms of the reduced
NiHCNFe films, in reality the films are electrodeposited
(in the presence of K+ ions) in the form of solid solu-
tions rather than homogeneous phases [16, 39, 41]. As in

the case of PB, electron transfers in NiHCNFe require
the flux of cations [39, 40, 41]:

K2�2zNi1þz FeII CNð Þ6
� �

� e� �Kþ

, K1�2zNi1þz FeIII CNð Þ6
� �

; ð3Þ

where 0 £ z £ 0.5. It is noteworthy that the voltammet-
ric response of NiHCNFe (Fig. 1, curve b) lies between
two sets of voltammetric peaks of PB (Fig. 1, curve a).
Under the same experimental conditions (electrolyte,
scan rate), PMPy is oxidized to its electronically con-
ductive form at potentials more positive than 0.6 V
(Fig. 1, curve c). Because NiHCNFe is electroactive in
the potential range (Fig. 1, curve b) where PMPy is
basically in a nonconducting state, the latter polymer
would act as an inert matrix in the case of the PMPy–
NiHCNFe composite film (Fig. 1, curve d). The pres-
ence of PMPy results only in the increase of voltam-
metric currents at potentials where NiHCNFe is already
oxidized, i.e., at potentials higher than 0.7 V. PMPy is
expected to assure the physical separation between
granular NiHCNFe and PB films within the bilayer
structure described in the following.

The steady-state voltammetric behavior of a two-
layer structure made of PB (inner layer) and PMPy-
containing composite film of NiHCNFe (outer layer) is
shown in Fig. 2, curve a. For comparison, we provide
the voltammetric responses of a PB film (Fig. 2, curve b)
onto which the NiHCNFe-based composite film (as for
Fig. 1, curve d) had been introduced. The bistable
character of the two-layer cyanometallate structure can
be understood as follows. The inner PB layer is designed
to act as a mediator for NiHCNFe in the outer layer.
Suppose an experiment starts at 1.0 V, i.e., with PB
(inner layer) and NiHCNFe (outer layer) in their fully
oxidized, iron(III) hexacyanoferrate(III), i.e. Prussian
yellow, and nickel(II) hexacyanoferrate(III) forms.

Fig. 1 Cyclic voltammetric responses of films of Prussian blue (PB)
(a), nickel hexacyanoferrate (NiHCNFe) (b), poly(N-methylpyr-
role) (PMPy) (c), and NiHCNFe–PMPy (d ) (on glassy carbon)
recorded in 0.50 mol dm�3 K2SO4. Scan rate 50 mV s�1

Fig. 2 Steady-state voltammetric behavior of a bilayer PB/Ni-
HCNFe–PMPy film on glassy carbon (a). Response of the inner PB
film (b). Other conditions as for Fig. 1
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When the potential is scanned negatively down to 0.7 V,
hexacyanoferrate(III) centers within Prussian yellow are
reduced to hexacyanoferrate(II) according to Eq. (1),
and PB is formed in the inner layer. At the same time,
NiHCNFe in the outer layer remains oxidized because
the hexacyanoferrate(II) redox centers in PB are not
strong enough reductants to transfer electrons to hexa-
cyanoferrate(III) sites of oxidized NiHCNFe. When the
potential is further scanned down to 0.35 V, no redox
reaction is operative in the inner layer, and NiHCNFe
still remains oxidized in the outer layer. In other words,
the inner film blocks the needed charge transfer and,
hence, there is a metastable entrapment of charge in the
outer film over the potential range from 0.7 to 0.35 V.
At potentials more negative than 0.35 V, the iron(III)
centers of PB become reduced to iron(II), and so-called
Prussian white, iron(II) hexacyanoferrate(II), is formed,
which in turn is capable of passing charge into the
hexacyanoferrate(III) ionic sites of NiHCNFe, which
would be finally reduced to nickel hexacyanoferrrate(II)
(Eqs. 3, 4). During the oxidation cycle up to 0.35 V,
Prussian white is oxidized to PB in the inner layer but
the iron(III) sites of PB are not strong enough oxidants
to produce nickel hehaxyanoferrate(III). In the potential
range from 0.35 to 0.7 V, the inner PB film does not act
as a mediator, NiHCNFe still remains reduced, and
there is a metastable entrapment of charge in the outer
film. When the potential is scanned further in a positive
direction, iron(III) hexacyanoferrate(III), or Prussian
yellow, which is produced in the inner layer acts as a
sufficiently strong oxidant to remove electrons from
nickel hexacyanoferrate(II) and to produce nickel hex-
acyanoferrate(III). Hence, the oxidation process con-
tinues until both films are fully oxidized at the positive
limit of 1.0 V.

The data in Fig. 2, curve a are consistent with the
view that the oxidation or reduction of the outer film
containing NiHCNFe occurs indirectly at potentials
where oxidizing or reducing states of the inner PB film
are generated. The fact that the reduction hexacyano-
ferrate(III) ionic sites in the outer NiHCNFe film at
potentials lower than 0.3 V attenuate the Prussian white
to PB oxidation peak at about 0.2 V supports the
hypothesis about the mediation capabilities of inner PB
toward outer NiHCNFe. The same comment applies to
the attenuation of the Prussian yellow to PB reduction
peak at about 0.9 V.

The charge trapping within the PB/NiHCNFe bilayer
system is impressively long and virtually complete, and
such behavior implies the quality of electrical and
chemical isolation imposed on the outer film by the inner
one. Fabrication of a composite film of NiHCNFe with
PMPy is an important factor in this context. Recently, it
has been established that NiHCNFe microstructures are
stabilized by introduction of a conducting polymer [47].
It can be expected that PMPy occupies the void space
between metal hexacyanoferrate granules, provides
physical separation between layers, and it prevents the
appearance of any possible reorganization or insertion/

substitution reactions [30] at the interface formed be-
tween PB and NiHCNFe.

Using the AFM, we examined the morphologies of
single component, PB (Fig. 3a), and bilayer PB/Ni-
HCNFe–PMPy (Fig. 3b) films. Previously [47], we de-
scribed results of the AFM investigation of polymer-free
NiHCNFe film (for simplicity not included here): the
granular morphology of NiHCNFe was virtually iden-
tical to that of PB (Fig. 3a). Although the size of the
grains in a single component metal hexacyanoferrate
film (Fig. 3a) is comparable to that of a bilayer system
(Fig. 3b), the distribution of NiHCNFe granules seems
to be much denser in the latter system in comparison
with simple PB. Further, the data in Fig. 3b are also
consistent with the existence of the PMPy polymer in the
free space between cyanometallate granules.

The PB/NiHCNFe bilayer systems can be produced
in the absence of PMPy. The results are, however, very
irreproducible, and the trapping effect is not always
observed. It is likely that simple (PMPy-free) metal
hexacyanoferrate films are too porous to assure the
principal condition that the outer film is not in physical
contact with the electrode substrate. On the contrary,
introduction of larger amounts of PMPy does not im-
prove conditions for charge trapping in a bilayer system.
The voltammetric response of the bilayer structure
where electrodeposition of both PB and NiHCNFe was
performed in the presence of methylpyrrole is shown in
Fig. 4, curve a. The large baseline currents, that appear
at potentials more positive than 0.6 V, originate from
the oxidation of PMPy, which is now present in larger
amounts. Thus the oxidative charge trapping effect is
somewhat hindered. Finally, by reversing the sequence
of deposition of metal hexacynoferrate films to form a
bilayer structure composed of NiHCNFe and PB as
inner and outer films, respectively, the charge trapping
effect is completely lost regardless of the presence of the
stabilizing PMPy matrix. The cyclic voltammogram of
this bilayer system is characterized by the overlapping
responses of PB, NiHCNFe, and PMPy (Fig. 4, cur-
ve c). The result is not surprising because NiHCNFe
does not have appropriate mediating capabilities toward
either oxidation or reduction of PB.

By analogy to the previous work [39],we performed
potential step experiments and plotted dependencies of
chronocoulometric charge (Q) versus t1/2 to get some
insight into the dynamics of charge propagation during
charge trapping. They are described in terms of the
integrated Cottrell equation [29]:

Q
�

t1=2
� �

¼ 2nF p1=2r2Co Dapp

� �1=2
; ð4Þ

where r, Dapp, Co stand for the radius of a disk-type
electrode, the apparent diffusion coefficient for charge
propagation, and the concentration of redox centers,
and the other parameters have either been discussed
already or have their usual significance. From the linear
portion of the dependence of Q on t1/2, one can deter-
mine the slope, [Q/t1/2], and, indirectly, the charge
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transport parameter, [Dapp]. The concentration (Co) of
hexacyanoferrate(III,II) redox centers was estimated
(around 0.6 mol dm�3) upon consideration of such
parameters as loading of the cyanometallate film and its
thickness. The value of Co=0.6 mol dm�3 is in agree-
ment with the data reported previously for PB [50].

Two types of chronocoulometric experiments were
executed on a bilayer system: with potential steps from

(1) 0.5 to �0.2 V, and (2) 0.5 to 1.0 V. They were per-
formed following the oxidative (case 1) and reductive
(case 2) charge trapping voltammetric cycles under the
conditions of Fig. 2 (curve a). For simplicity, we only
present here (Fig. 5) the chronocoulometric response
characteristic of case 1. Care was exercised to apply
sufficiently short potential steps to assure a sufficiently
large region where diffusional charge transport occurs

Fig. 3 Atomic force
microscopy examination of
a PB (as for Fig. 1, curve a) and
b PB/NiHCNFe–PMPy (as for
Fig. 2, curve a) films
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under semi-infinite conditions (linear portion of the
dependence in Fig. 5). To avoid kinetic or ohmic limi-
tations (appearing as a sizeable negative intercept), the
potential steps were not too short. The Q–t1/2 depen-
dencies yielded Dapp values of 2·10�9 cm2 s�1 (case 1)-
and 5·10�9 cm2 s�1 (case 2). For comparison, we also
considered charge transport in simple PB and NiHCNFe
films in the same (0.5 mol dm�3 K2SO4) electrolyte. The
Dapp values found were as follows: 3·10-9 cm2 s�1 for
the reduction of PB to Prussian white, 2·10�8 cm2 s�1

for the oxidation of PB to Prussian yellow, and 5·10�9
and 6·10�9 cm2 s�1 for the oxidation and reduction of
NiHCNFe, respectively. Since the chronocoulometric

potential step from 0.5 to �0.2 V performed on a bilayer
system (Fig. 2a) involved transfers of electrons from –
FeIII/–FeII ions in the PB/Prussian white inner film to –
FeII(CN)6/–Fe

III(CN)6 ions in the outer NiHCNFe film,
it is not surprising that the dynamics of this mediation
process was controlled by the somewhat slower charge
propagation occurring in the PB film (with respect to
NiHCNFe). The obtained Dapp=2·10�9 cm2 s�1 is in-
deed close to the value characteristic of the PB/Prussian
white redox transition. On the other hand, the chrono-
coulometric potential step from 0.5 to 1.0 V performed
on a bilayer system was controlled by a relatively slower
charge transport in the outer NiHCNFe film (charge
propagation during oxidation of PB to Prussian yellow
was faster). This result explains why the value of
Dapp=5·10�9 cm2 s�1 was obtained. Although these
kinetics results shall be considered as estimates, the
similarity between results determined for simple (single
component) metal hexacyanoferrate films and the bi-
layer structure are consistent with the view that there
was neither any appreciable kinetics limitation at the
interface formed by PB and NiHCNFe films nor a
blocking effect originating from the polymer (PMPy)
introduced into NiHCNFe.

Rectifying effect under solid-state voltammetric
conditions

An interesting alternative is to consider a bilayer system
that would operate in the absence of external liquid
electrolyte. Since metal hexacyanoferrates are ionically
and electronically conducting solids that contain fixed
mixed-valent redox centers and mobile potassium
counter cations, solid-state electrochemical experiments
are feasible. In the simplest mode, a solid-state voltam-
metric experiment utilizes a two-electrode sandwich
configuration in which the potential differences applied
polarize two electrodes in opposite directions [29, 38, 50,
51, 52].

Solid-state voltammetry of both PB and NiHCNFe
pressed powders is well established [35, 38, 50, 51, 52].
The mobility of K+ ions is strongly dependent on the
presence of structural water molecules in the cyano-
metallate powders. Under ambient conditions (80–90%
humidity), the systems are sufficiently hydrated (around
7–9 molecules per metal hexacyanoferrate molecule) to
assure good mobility of potassium ions. The transport
of electrons is based on hopping (self-exchange) and, in
order to observe redox transitions and to preserve elec-
troneutrality, the process must be coupled to the dis-
placement of counterions (hydrated K+). To observe
any nonohmic (Faradaic) current under the sandwich
configuration, two simultaneous redox processes must
occur at interfaces formed by the opposing electrodes.
Therefore, in our diagnostic experiment, we considered a
mixed NiHCNFe system, i.e., containing mixed-valent
hexacyanoferrate(III,II) redox centers, or more pre-
cisely, in which FeIII and FeII ions coexist in an

Fig. 5 Chronocoulometric Q–t1/2 plot obtained for the PB/Ni-
HCNFe PMPy system on glassy carbon. The potential step (9 ms)
was from 0.5 to �0.2 V. It was applied following oxidative charge
trapping, i.e., upon performing the initial voltammetric scan
(50 mV s�1) from �0.2 via 1.0 to 0.5 V

Fig. 4 Voltammetric characteristics of bilayer films: PB–PMPy/
NiHCNFe–PMPy (a) and NiHCNFe–PMPy/PB–PMPy (b). Other
conditions as for Fig. 1
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approximate ratio of 1:1. Cyclic voltammograms of such
a NiHCNFe powder are shown in Fig. 6a (curve a). As
expected, for two-electrode solid-state voltammetry
(sandwich configuration) [50, 51, 52], the responses are
in a form of voltammetric peaks symmetrical around the
point of zero with respect to current and potential. It
should be remembered that the cell operates in a manner
analogous to classic biamperometry in which potential
differences are applied to two identical electrodes and
scanned linearly with time. Owing to the existence of
CN-bridged iron ions at two different oxidation states,
simultaneous oxidation of hexacyanoferrate(II) and
reduction of hexacyanoferrate(III) is operative at two
opposing electrodes. The fully oxidized NiHCNFe
powder does not contain any mixed-valent hexacyano-

ferrate(III,II) redox centers and, therefore, it behaves as
an insulator and does not exhibit any voltammetric
peaks (Fig. 6a, curve b). When the PB powder was
sandwiched between two glassy carbon slides and sub-
jected to potential cycling, the response depicted by
curve c was obtained. As described earlier [51], the solid-
state voltammetric (two-electrode) pattern of PB is
characterized by low currents in the vicinity of 0 V and
much larger peaks at about ±1.0 V. Prior to ±0.7 V,
the potential differences (DE) applied are insufficient to
cause appreciable oxidation and reduction of PB. The
low peak currents at about ±0.1 V and symmetrical
around 0 V originate from the fact that the
K4[Fe

II(CN)6] used to produce PB was somewhat con-
taminated with K3[Fe

III(CN)6]. Thus, some mixed-va-
lent sites, –FeIII(CN)6/–Fe

II(CN)6, must have initially
existed, and the K+-supported electron self-exchange
was possible. The true redox reactions of sandwiched PB
start to appear when DE exceeds 0.7 V, i.e., when it
becomes large enough to cause simultaneous reduction
of PB to Prussian white and oxidation of PB to Prussian
yellow (Eqs. 1, 2).

A possibility of the rectifying effect was demonstrated
by sandwiching two distinct pressed powders, PB and
oxidized NiHCNFe [nickel(II) hexacyanoferrate(III)]
between two glassy carbon slide electrodes mounted in a
sandwich configuration. Care was exercised to avoid
intermixing of the microcrystalline powders: a few drops
of agar sol were introduced onto each material before
mounting the sandwich design. The applied potential
differences forced both electrons and ions to flow in
response. While PB is subject to both oxidation and
reduction processes, the fully oxidized NiHCNFe can
only be reduced to nickel(II) hexacyanoferrate(II).
Consequently, when the potential of the glassy carbon
electrode covered with the oxidized NiHCNFe was
polarized negatively, the voltammetric peaks appeared
at the potential differences where both reduction of
NiHCNFe and oxidation of PB were operative (Fig. 6b).
The fact that this potential difference was around 0.4 V
is in agreement with the data in Fig. 1. When the po-
tential was polarized positively, although PB could have
been reduced to Prussian white, the oxidation of Ni-
HCNFe [nickel(II) hexacyanoferrate(III)] was not pos-
sible (destruction of the system occurs at potential
differences larger than 2 V). Thus the system permitted
current flow in one direction and blocked it in the
opposite one; in other words, the system behaved like a
rectifying microelectrochemical device.

Conclusions

We demonstrated here the technical feasibility to
assemble bilayers of metal hexacyanoferrates (PB and
NiHCNFe) to display such electronic effects as revers-
ible charge state trapping (bistable switching) or unidi-
rectional (rectifying) current flow. In this context,
bilayer electrodes of metal hexacyanoferrates resemble

Fig. 6a,b Steady-state voltammetric responses recorded in a two-
electrode sandwich configuration (as shown in insets) in the absence
of liquid electrolyte a for the single pressed powders K2Ni
[FeII(CN)6] plus KNi[FeIII(CN)6] (admixed at 1:1 ratio) (a),
oxidized NiHCNFe (KNi[FeIII(CN)6]) (b), and PB (c) and b for
the bilayer system composed of two pressed powders—PB and
oxidized NiHCNFe (introduced separately onto sandwich-forming
glassy carbon electrodes)

874



redox and conducting polymers [27, 28, 53, 54]. To avoid
structural reorganizations (e.g., ionic substitutions in
cyanometallate lattices) at the inner/outer film interface
and to eliminate fatal direct electron transfer between
the electrode and the outer film, inner PB and outer
NiHCNFe films should be separated with some kind of a
polymer interlayer. This step can be achieved by the
physical introduction of a thin polymer layer or by
subjecting the outer film material to polymerization to
form a hybrid organic–inorganic [55] type film of PMPy
and NiHCNFe. The postively charged polymer back-
bone is expected to attract electrostatically and stabilize
negatively charged metal hexacynoferrate films. Finally,
owing to good ionic and electronic conductivities, metal
hexacyanoferrates seem to be good candidates for solid-
state micro- and nanoelectronic devices [56] that could
operate in the absence of contact with a liquid sup-
porting electrolyte. Although we have said relatively
little about other possibilities, metal hexacyanoferrate
based bilayer systems may be considered for display
applications, sensing, charge storage, and corrosion
protection.
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