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The cobalt hexacyanoferrate system, MhCok
A[FeB(CN)6] l, (where M is an alkali metal cation, and the

subscriptsh, k, and l are stoichiometric coefficients, and A and B are the formal oxidation states of the Co
and Fe metal sites in the structure) was shown to contain a rich series of compounds that are inter-linked
through various redox processes (involving both electron and cation transfer) either in the dark or under the
near-infrared (IR) activation. These processes were studied by a combined use of cyclic voltammetry, in situ
IR spectroelectrochemistry (using both intensity or potential modulation), and ex situ X-ray photoelectron
spectroscopy.

Introduction

The electrochemistry of Prussian blue and related metal
hexacyanoferrates (MHCF) has been intensely studied in recent
years (see refs 1-3 for reviews). Cobalt hexacyanoferrate (Co-
HCF) is of particular interest from both fundamental and prac-
tical perspectives: (a) Both cobalt and iron exist in two common
oxidation states (II, III) leading to a multitude of compound
stoichiometries and redox situations. (b) CoHCF has unique
electrochromic properties with color changes not only dependent
on the oxidation states of the Co and Fe redox centers, but also
on the nature of the co-cation imbibed by the compound during
electroreduction.4 (c) CoHCF exhibits the phenomenon of re-
versible photoinduced magnetization.5-7 (d) The ability of Co-
HCF to bind electrolyte cations can be exploited in environ-
mental remediation scenarios as exemplified by the separation
and transfer of Cs+ from high sodium waters.8 (e) CoHCF-mod-
ified electrodes have shown good electrocatalytic activity toward
a variety of substrates including ascorbic acid, nitrite, hydrazine,
p-chlorophenol, and hydroxylamine.9-11 And (f) CoHCF, in
addition to its electrochromic properties, also exhibits reversible
thermochromism in the 25-85 °C temperature range.4a,12

Despite this extensive body of prior electrochemical work, a
comprehensive study of the many possible compound stoichi-
ometries in the CoHCF system as a whole (see feature a in the
introductory paragraph above), is currently lacking. In this paper,
we explore, using a combination of voltammetry, infrared (IR)
spectroelectrochemistry, and X-ray photoelectron spectroscopy
(XPS), how the CoHCF compound stoichiometry: (a) depends
on the preparative history of the film; (b) evolves with the
applied potential; and (c) dictates electron and ion transport
between the film and the contacting electrolyte either in the
dark or under photoexcitation.

Experimental Section

The working electrode was a polycrystalline gold disk from
Johnson & Matthey (99.99%). The electrode diameter was 6
mm for voltammetry and 11 mm for in situ IR spectroelectro-
chemical experiments. A platinum mesh, separated from the
main compartment by a porous disk, was used as a counter
electrode. Prior to each experiment and just before the electrode
was dipped into the solution, a fresh surface was generated by
polishing it to a mirror finish with alumina particles down to
0.05µm followed by rinsing with Millipore Milli-Q water and
sonication. Solutions for film growth were prepared with
analytical grade reagents 1× 10-3 M K3[Fe(CN)6] + 1 × 10-3

M Co(NO3)2 mixed in deoxygenated 1M KNO3. Voltammetry
and IR spectroelectrochemistry were performed in 1M KNO3.
Potentials were measured and are quoted against a saturated
calomel electrode (SCE) placed in a separate chamber and
connected to the cell via a Luggin capillary. Dioxygen was
removed by bubbling purified N2 for at least 30 min.

Infrared spectra were obtained in the 2250-2000 cm-1 range.
The IR spectroelectrochemical cell was custom-designed with
the aim of minimizing radiation losses by solvent (water)
absorption. Therefore, the gold electrode was tightly placed flat
against an optical window (CaF2) so as to create aµm thin
solution layer. A high throughput dispersive IR spectrometer
was used with optics routing the radiation to the electrode at
an angle of 60° through the CaF2 window. The IR light intensity
was chopper-modulated at 80 Hz, whereas the potential was
either set at a fixed value or left at open circuit. The ensuing
changes in the reflected intensity,R, were p-polarized and sensed
by a narrow-band, high-sensitivity, mercury cadmium telluride
detector. The output was rectified by a lock-in amplifier, the
final spectrum being, unless stated otherwise, the normalized
difference between the optical response at a given potential and
that at a potential taken as reference,Rref; i.e., R/Rref ) (R -
Rref)/Rref.

The reflected IR intensity was also modulated by applying a
square wave potential to the electrode, typically at 11 Hz. The
resultant AC signal was then processed in a similar way to that
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of intensity modulation (see above). The two types of IR
modulation spectroscopy techniques have been described in
detail elsewhere.15,16

X-ray photoelectron spectra (XPS) of CoHCF films were
obtained with a Physical Electronics Model 5000C system fitted
with an aluminum anode (1486.6 eV) as described elsewhere.17

Photoinduced activation experiments utilized a conventional
single compartment cell fitted with a quartz window. Potentials
were applied using a VoltaLab 80 Universal Electrochemical
Laboratory (Radiometer Analytical S. A., Villeurbanne, France).
A 100 W quartz halogen lamp (Oriel) through a cutoff filter (λ
> 675 nm) was used as light source. The incident light flux
was 2.1 mW/cm2.

Films of variable CoHCF loadings were grown on Au
electrodes by three methods, namely: (a) potentiodynamic
cycling on gold substrate, (b) coagulation plus potentiodynamic
cycling, and (c) potentiodynamic cycling starting with the gold
substrate at 1.2 V, that is, covered with an oxide layer (see
below).

Thin films (5 mC/cm2) were grown (procedure a above) by
introducing the Au electrode in the reactant solution followed
immediately by 30 potential cycles at 50 mV/s, without a waiting
period for coagulation. These films had a nominal CoHCF
loading of 5.2× 10-8 mol/cm2 as assessed from the Faradaic
redox charge corresponding to [Co(II),Fe(II)]S [Co(II),Fe(III)]
and [Co(II),Fe(II)] S [Co(III),Fe(II)] processes. These are
referred to as thin films as their thickness estimated with 10.4
Å as the unit cell length18 is in the 80-85 nm range.

For procedure “b” above, the reactants, 1× 10-3M K3[Fe-
(CN)6] + 1 × 10-3M Co(NO3)2, were mixed in deoxygenated
1M KNO3, by adding an aqueous solution of Co(NO3)2 to a
nitrogen-stirred aqueous ferricyanide solution. During the
electrochemical cycling, the initially clear reactant solution
evolved to a suspension because of the chemical reaction of
hexaaquocobalt species, [Co(H2O)6]2+, with [Fe(CN)6]3-. The
film was initially formed at open circuit for 20 min. The
electrode was then potentiodynamically cycled between 0.0 and
0.95 V (30 cycles) at 50 mV s-1.

Coagulation can be prevented from taking place on the Au
surface at the reactant mixing/work up stage (procedure c
above). To this end, the Au electrode once dipped in the solution,
was kept poised at 1.2 V so that the oxide layer formed in situ
protects the surface until the potentiodynamic cycles are
initiated.

Results and Discussion

CoHCF Compound Stoichiometries and Their Inter-
Relationships.Before presenting and discussing our data, it is
instructive to examine the various compounds that can exist
(or have been reported) in the CoHCF system and their redox
(and structural) connectivities. The end compounds bear Co:Fe

stoichiometries of 2.0 and 1.0 respectively as represented by
the members, CoII2[FeII(CN)6] and CoIII [FeIII (CN)6] (Table 1).
However, the 2:1 compound cannot undergo redox reactions
without losing Co sites from the structure. Thus, within the
framework of this study, only compounds in the range of Co/
Fe ratios from 1.5 to 1.0 are pertinent (see below).

In the CoII3[FeIII (CN)6]2 structure, not all the cobalt ions are
octahedrally coordinated via CN bridges to iron ions because
there are one-third of [Fe(CN)6]3- species less than the required
amount. At the [Fe(CN)6]3- vacancies, cobalt is bonded to water
molecules, resulting, on the average, in one cobalt bonded to
four nitrogens (from cyanide) and two oxygens (from water).
It is the range of compounds with Co/Fe ratios between 1.5
and 1.0 that makes the CoHCF system interesting from both
fundamental and practical perspectives (see Introduction above).

When the cobalt or the iron sites undergo reduction (from
their III oxidation state), cations have to move into the CoHCF
structure to maintain electroneutrality. Several of these com-
pounds are shown in Table 1. These co-cations are usually alkali
metals and they occupy tetrahedral sites in the CoHCF
network.23-25 In the MICoII[FeIII (CN)6] structure (M ) co-
cation) for example, each cobalt is bonded to six nitrogens and
the “foreign” co-cations are located in half of the available
tetrehedral lattice sites in a perfect face centered cubic (fcc)
structure.23-25

In intermediate cases, the divalent Co ion occupies all the
fcc sites, whereas occupation of the octahedral sites by
[Fe(CN)6]3- varies from 67 to 100% as a function of the amount
of alkali metal cation in the structure. This range of compounds
may be represented by MI3y-8CoII

4[FeII(CN)6]y.7a To complicate
matters even further, the Co species may exist in mixed II, III
oxidation states within the structure. Thus, in the structure M0.4-
Co1.3[Fe(CN)6] (Table 1), there are Co(III) and Co(II) species
in a 3:1 ratio. These Co species are also in different coordination
environments with3/4 of the Co(III) ions being bonded to four
nitrogens and two oxygens (from water molecules), the remain-
ing 1/4 of the Co(II) ions being saturatively six-coordinated to
nitrogens.7a This set of compounds are closely related to the
CoHCF structures displaying photoinduced magnetization.5

Which of the above CoHCF species have been reported in
the electrochemical literature prior to this study? To our
knowledge, only the MICoII[FeIII (CN)6], MI

2CoII[FeII(CN)6], MI
2-

CoII
3[FeII(CN)6]2, and CoII3[FeIII (CN)6]2 species have been

implicated in this body of work.4,11-14 On the other hand, the
combination of cyclic voltammetry, IR spectroelectrochemistry,
and XPS, as employed in this study, reveals a rich vein of at
least seven CoHCF species as illustrated in Table 1 and in the
scheme in Figure 1. This scheme was synthesized by combining
all the data presented below; it is shown at the outset as an aid
to understanding the rather complex inter-relationships that exist
in this system.

TABLE 1: Compound Stoichiometries and Infrared Cyanide Stretch Frequencies in the CoHCF System

element ratiooxidation state of the Fe
and Co sites compound Co/Fe M/Fe M/Co

cyanide stretch frequency in
Fe-CN-Co bridge (cm-1)a

Fe(II), Co(II) Co2[Fe(CN)6]b 2 0 0 2080
Fe(II), Co(II) M2 Co[Fe(CN)6]c 1 2 2 2085
Fe(II), Co(II) M1.4Co1.3[Fe(CN)6] 1.3 1.4 1.1 2085
Fe(II), Co(II) M2Co3[Fe(CN)6]2

c 1.5 1 0.7 2100-2105
Fe(III), Co(II) Co3[Fe(CN)6]2

c 1.5 0 0 2156
Fe(II), Co(III) MCo[Fe(CN)6] 1 1 1 2125
Fe(II), Co(III), Co(II) M0.4Co1IIICo0.3 II[Fe(CN)6] 1.3 0.4 1.1 2120-2130
Fe(III), Co(III) Co[Fe(CN)6] 1 0 0 2190-2200

a IR data from refs 15c, 15d, 7a, 19-22. b Not electrochemically relevant; see text.c Implicated in previous electrochemical studies; see text.
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Voltammetry of CoHCF in KNO 3 Electrolyte. Figure 2
contains voltammograms acquired during CoHCF film growth
per the three procedures outlined in the Experimental section
in the three frames correspondingly labeled a, b, and c. Note
that the current scales in these three sets of voltammograms
are different. Thus the first cycle for the combined coagulation-
electrochemical film growth (method b) shows a much higher
current than those corresponding to thin film growth (cf., Figure
2, parts a and b). The final profile after 30 potentiodynamic
cycles showed a growth charge of∼ 20 mC cm-2 corresponding
to a film loading of 2.1× 10-7 mol/cm2. This value is to be
compared to the 5.2× 10-8 mol/cm2 attained in the a growth
mode (see above). In what follows, these two nominal film
loadings are referred to as “thick” and “thin” films, respectively.
The c growth mode also leads to thick CoHCF films on the Au
surface and the film growth is steady in this case (Figure 2c).

One noteworthy aspect of these voltammetry data is that
although two main redox waves can be discerned in all the three
cases, the relative prominence of the two sets of curves clearly
depends on the growth mode. The voltammograms obtained (at
50 mV s-1) after transferring any of these films to a pristine 1
M KNO3 medium (after thorough washing) are practically the
same as that recorded on the last growth cycle. On the other
hand, decrease of the potential scan-rate (to the 1-5 mV s-1

range) induces splitting of the first redox wave into two
components as exemplified by the scan presented in Figure 5b
below for a thin film. Thus,threemajor redox processes appear
to be involved in the 0-0.95 V potential range (see below).

IR Spectroelectrochemistry of CoHCF Thin Films (Load-
ing < 6 × 10-8 mol/cm2). Figure 3 shows in situ infrared
spectra of a thin CoHCF film in 1M KNO3 for the cyanide
stretching spectral region. Spectra were taken at fixed potentials
varied stepwise in positive (Figure 3a) and negative (Figure 3b)
directions between 0.0 and 0.90 V. Voltammetric profiles for
this type of film are shown in Figure 2a during its growth and
in Figure 5b for its response to a slow linear potential sweep.

For spectra taken at potentials in the positive excursion, a
band at 2105 cm-1 with a shoulder at∼2087 cm-1 can be
observed at 0.0 and 0.2 V. The shift in potential from 0.4 to
0.5 V is attended by a change in band frequency from 2105 to
2148 cm-1 indicating a transformation of species on the surface.
Another signal at intermediate frequency, ca. 2125-2130 cm-1,
shows up at 0.5 V. The potential range between 0.6 and 0.9 V
exhibits the absorption band at 2155 cm-1 accompanied by a
new, weaker signature at 2200 cm-1 for the spectra taken at
0.8 and 0.9 V.

As the potential was progressively taken to negative values,
a quasi-similar set of bands were seen, their details being slightly
different from those observed on the positive potential excursion
(Figure 3b). The spectrum at 0.8 V shows bands at 2155 and
2200 cm-1, whereas the spectrum at 0.7 V retains only the
absorption at 2155 cm-1 with a higher intensity than that at 0.8
V. The response at 0.6 V is the same as that at 0.7 V. The
onset of the electroreduction process is detected at 0.5 V through
a small shift, 2152 cm-1 instead of 2155 cm-1, and the presence
of a shoulder at ca. 2125 cm-1. An interesting feature of this
set of spectra is the behavior at 0.4 V where a clear band is
detected at 2125 cm-1 with a shoulder at 2105 cm-1. Reduced
species with absorption at 2105 and 2087 cm-1 are seen to
reappear in the range from 0.2 to 0.0 V. The interplay between
the bands at 2105 and 2155 cm-1 is the main characteristic of
this spectral data set.

The band areas are plotted as a function of potential after
deconvolution (Figure 4). The inset in Figure 4 exemplifies the
deconvolution procedure and the total spectrum profile resulting
from the summation of the deconvoluted peaks. To a good
approximation, peak area-potential plots show reversible
behavior with slight deviations between positive and negative
potential directions (compare Figure 3a with 3b, and Figure 4a
with 4b).

The main features of Figures 3 and 4, therefore, are as
follows:

-A steady decline of the 2105 cm-1 band intensity as the
potential is made more positive from 0.0 V up to ca. 0.7 V,
attended by a steep increase in the intensity of the 2155 cm-1

band from ca. 0.3 V up to 0.55 V, where it levels off.
-A steady growth from 0.0 V is observed for the 2125 cm-1

band intensity up to ca. 0.45 V, where after a small oscillation
in magnitude, the intensity dips down slightly with potential.
For potentials in the negative direction (Figure 4b), this band
is still present even at 0.0 V.

-The 2087 cm-1 band does not follow a well-defined pattern
although a drop in intensity is clearly seen between 0.4 and 0.5
V.

-The intensity, initially weak, of the 2200 cm-1 band starts
becoming appreciable from 0.8 V.

The spectroelectrochemistry of thin films was also performed
under an 11 Hz potential square wave, the amplitude set between
a “sitting” potential of 0.2 V and selected upper limits up to
0.9 V (Figure 5a). A cyclic voltammogram at 5 mV s-1 is
presented in Figure 5b to assist in the correlation between the
current peaks and the corresponding infrared bands in each
potential window. The infrared spectra show two bands pointing
upward at∼2070 and 2098 cm-1 that correspond to absorption
at 0.2 V, their definition being mproved as the upper end of
the modulation is made more positive. For 0.4 and 0.5 V as the
upper limits, an infrared band pointing downward is seen at
2120 cm-1. This absorption correlates with the first voltammetric
process that shows up as a shoulder at ca. 0.43 V in the positive
scan and as a peak at 0.3 V in the reverse scan. On the other
hand, the 2155 cm-1 band appears from 0.6 V indicating its
association with the main redox process with peaks on the
voltammogram at 0.51 V and at 0.44 V for the positive- and
negative-going scans, respectively. The band at 2200 cm-1 starts
at 0.8 V associated with the voltammetric peak pair at 0.7 V.
The IR absorbance at 2200 cm-1 seems to parallel a slight fall
in intensity of the 2120 cm-1 signature.

Infrared Spectra of CoHCF Thick Films (Loading in the
2.0-2.5 × 10-7 mol/cm2 Range). Infrared spectra for thick
films, whether prepared by the chemical (coagulation) or

Figure 1. Schematic summary of the various compounds and their
redox relationships in the CoHCF system. Three Paths I, II, III are
discussed in the text.

3614 J. Phys. Chem. B, Vol. 106, No. 14, 2002 Lezna et al.



electrochemical procedure (methods b and c above), are more
complex than those of the thin films. A representative set of
spectra acquired in situ for a chemical CoHCF thick film (see
growth voltammogram in Figure 2b) is shown in Figure 6a,
where the steady-state potential is increased stepwise from 0.0
to 0.9 V and then decreased back to 0.0 V (Figure 6 b). In the
0.0-0.4 V potential range, there are two bands at 2087 and
2105 cm-1. A new profile brought about by oxidation starts

from 0.5 V and is made up of two main features, a dominant
band that shifts with potential and other less important at ca.
2156 cm-1 that is observed at every potential up to 0.9 V. The
dominant band is a broad feature that shifts linearly from∼2113
cm-1 to 2130 cm-1 with increasing positive potentials (Figure
7a). Absorption at 2105 cm-1 decreases as the potential is made
more positive but is still present at 0.9 V indicating an
incomplete conversion. The band at 2200 cm-1 is detected at

Figure 2. Repetitive cyclic voltammograms recorded during the growth of CoHCF films on gold substrates using 1× 10-3M K3[Fe(CN)6] + 1
× 10-3M Co(NO3)2 mixed in deoxigenated 1M KNO3. 30 cycles at 50 mV s-1. (a) electro-chemical thin film (δ ) 80 nm) on nonprotected gold,
(b) chemical thick film (δ ) 320 nm) (20 min at open circuit in precursor solution), (c) electro-chemical thick film (δ ) 335 nm) on protected gold.

Figure 3. In situ infrared reflectance spectra of a thin CoHCF film at
stepwise increasing potentials (0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 V)
(a), and at the same potentials in a decreasing direction (b). Electro-
lyte: 1 M KNO3. Film thickness,δ ) 80 nm.

Figure 4. Peak areas of deconvoluted infrared bands as a function of
potential from the spectra in Figure 2. Insert: Deconvolution of the
spectrum taken at 0.7 V.

Cobalt Hexacyanoferrate J. Phys. Chem. B, Vol. 106, No. 14, 20023615



0.8 and 0.9 V, its intensity paralleling a slight decrease of the
2113-2130 cm-1 broad feature. Some irreversibility in the
spectral response is detected between positive and negative
potential directions (cf., Figure 6, parts a vs b).

Band areas, corresponding to Figure 6a, are presented after
deconvolution as a function of potential in Figure 7b. The
dominant band moving in the 2113 cm-1-2130 cm-1 frequency
domain, is present throughout the potential excursion, its
intensity increasing from 0.2 to 0.65 V with an arrest in the 0.4
V-0.5 V range. The 2087 cm-1 intensity is seen to decrease
paralleling the 2113-2130 cm-1 band. The 2105 cm-1 band is
not seen to disappear even at the most positive potentials where
its intensity is observed to fall to ca. 40% of its value at 0.0 V.
As for the other bands, the 2156 cm-1 intensity shows a steep
increase from 0.4 to 0.55 V and then goes through a maximum.
At the upper potentials, the 2200 cm-1 band is clearly seen from
0.7 V onward.

Thin Films vs Thick Films. Thin films (Figures 3-5) exhibit
marked differences in their infrared spectra when compared with
thick layers (Figures 6, 7). The absorption at 2087 cm-1 and
ca. 2130 cm-1 are more prominent in thick coatings whereas
the band at 2155 cm-1, clearly resolved in thin layers, is present
just as a shoulder in chemical thick films. Other bands are, on
the whole, common to both preparations/film loadings.

A comparison of the infrared behavior of thin versus thick
films is presented in Figure 8 for the three preparation protocols.
These data were processed as reflectance difference spectra
using as reference the spectrum obtained at 0.0 V, and have
bipolar profiles with up-going bands arising from species
disappearing at 0.0 V, and down-going bands stemming from
absorption at positive potentials, that is, from 0.2 to 1.0 V.

For the thin film (Figure 8a), the bipolar bands increase in
intensity as the potential is made more positive. The band at
2105 cm-1 in the reduced state and 2155 cm-1 after oxidation
at the positive limit are the dominant features, whereas a positive
shoulder at 2087 cm-1 seems to be linked to a sideband at ca.
2125 cm-1 in the oxidized state. This last pair is clearly observed
throughout the potential range. A weak band at 2200 cm-1 is
seen from 0.8 V onward.

More complex band interplay is observed for the thick films
(Figure 8, parts b and c). The chemically prepared film of Figure
8b shows the partnership of two sets of bands, 2087 cm-1/2113-
2130 and 2105 cm-1/2155 cm-1. The 2200 cm-1 signature is
more clearly observed in thick films than in thin ones. The
2113-2130 cm-1 absorption was found to increase in intensity
and shifts to higher wavenumbers with potential. The electro-
chemical thick film (Figure 8c) shows only the partnership of
one set of bipolar bands at 2120-2130 cm-1 and 2087 cm-1

Figure 5. (a) In situ differential infrared spectra of a CoHCF film/1M
KNO3 electrolyte subjected to a 11 Hz potential modulation between
the 0.2 V, and a set of variable upper limits up to 0.9 V,δ ) 90 nm.
(b) Corresponding cyclic voltammogram at 5 mV s-1 in 1 M KNO3.

Figure 6. In situ infrared reflectance spectra of a CoHCF chemical
thick film at stepwise increasing potentials (0.0, 0.2, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9 V) (a), and at same potentials in a decreasing direction (b).
Electrolyte: 1 M KNO3, δ ) 320 nm.
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respectively. The 2200 cm-1 band only appears at the most
positive potentials.

Effect of Foreign Cations (Na+, K+, and Rb+) on the
CoHCF Infrared Spectra. Figure 9 shows infrared spectra of
coagulated CoHCF precipitates formed according to the pre-
parative protocol b (cf., Figure 2b) except for the use of 0.1 M
MNO3 (M ) Na, K, or Rb) solutions instead of 1 M KNO3 as
in Figure 2b. The choice of 0.1 M MNO3 solutions is due to
the low solubility of the rubidium salt that precludes the
preparation of 1 M solutions. The spectra in Figure 9 exhibit
three main bands at∼2156 cm-1, 2120-2125 cm-1, and 2088
cm-1. The predominance of one band over the others depends
on the foreign cation whereas their frequencies are not affected.

Table 1 also lists the IR-active bands,ν6(F1u), of Fe-CN-
Co bridge entities reported in the literature.5,7,19-22 The CN
stretching frequencies depend on the Co and Fe oxidation state,
the higher the oxidation state, the stronger theσ bonding of
C-Fe and N-Co and, consequently, the higher theν6(F1u)
frequency. Stretching vibrations are in the 2085-2105 cm-1

range for a cyanide bridging Fe(II) and Co(II), whereas the range
2115-2165 cm-1 includes the cyanide bridging Fe(III) and Co-
(II), and Fe(II) and Co(III). Finally, stretching frequencies for
a cyanide between Fe(III) and Co(III) are reported to fall in the
2190-2200 cm-1 range.22 The sharp band at 2156 cm-1, that is
dominant in a sodium environment, is assigned to a cyanide
stretching vibration mode in a [Fe(III),Co(II)] configuration with
a Co/Fe ratio of 1.5.

Going from Na+ to K+ and Rb+, the 2156 cm-1 band
[cyanide bridging Fe(III) and Co(II)] decreases markedly and
leads to the predominance of the 2120-2125 cm-1 band [Fe-

(II) and Co(III)] (see Figure 9 and Table 1). Interestingly, the
structure providing the 2088 cm-1 band [species containing Fe-
(II) and Co(II)] appears better resolved in sodium electrolytes
than in the other two solutions, and seems to be generated during
the negative-going potential scans.

In CoHCF compounds containing rubidium, the predominant
band lying at 2120-2125 cm-1 points to the dominance of a
structure containing mainly Fe(II) and Co(III) entities, that is
with a Co/Fe ratio of 1.3 and a M/Fe ratio of 0.4. In contrast,
this is the weakest band observed in sodium electrolytes. At an
intermediate situation, the compound that coagulates in K+

electrolytes resembles more of the compound with Rb+ than
that with Na+. For potassium electrolytes with increased
concentration from 0.1 to 1 M (spectrum not shown), other
conditions being the same, the band at 2120-2125 cm-1

intensifies and that at 2156 cm-1 weakens leading to a strong
similarity with the spectrum (c) obtained in the presence of
rubidium cations. No band at 2200 cm-1, that is associated with
a structure containing Fe(III) and Co(III), was detected in any
of these coagulated compounds (Figure 9).

XPS Surface Analysis of CoHCF Films.Determination of
Co/Fe, K/Fe, and K/Co element ratios for CoHCF films was
carried out by ex situ XPS surface analysis. Table 2 contains
the XPS assays of representative CoHCF films prepared on gold
foils. The element ratios were obtained from the integration of
the corresponding high-resolution XP spectra for the entire 2p
binding energy region of each element. Table 2 also provides
film charges (as well as corresponding loadings in mol/cm2)
and average stoichiometries as derived from the element ratios.

The XPS analysis on its own cannot discern how many
different stoichiometries are present in the films. However, with
the aid of the infrared spectroelectrochemical data presented
above, a comprehensive description of the film composition as
a function of potential, can be assembled. XPS assays provide
the following trends in composition as influenced by the film
thickness and preparation protocols:

(a) All of the films disconnected at the negative potential
limit show only XPS signals for Fe(II).

(b) Co/Fe ratio are in the 1.1-1.4 range. The highest Co/Fe
ratio (1.4) was found for the thick coagulated films (e.g., from
method ‘b’).

(c) Thin films were found to contain a higher amount of
potassium than thick films. Compare the K/Fe and K/Co ratios
for Film I with those for Films II through IV.

(d) The amount of potassium in the film depends on potential.
Film IV is depleted of potassium because it was disconnected
at 0.95 V.

In the last column of Table 2, some possible stoichiometries
are provided for the film composition. For Film I, two structures
are postulated with the assistance of the infrared spectra of the
corresponding films (Figs. 3, 4 and Table 1). For the rest of the
films, only average compositions were estimated from the
element ratios reported. It is worth noting that some of these
formulas cannot afford electroneutrality without considering the
presence of Co(III) in the structure (for instance, Films III and
IV).

A comparison of high-resolution XPS data for the Fe and
Co signals is shown in Figure 10 for an electrochemical thick
CoHCF film disconnected at the lower, 0.0 V (Figure 10 A1,
A2), and upper, 0.95 V, potential limits (Figure 10 B1, B2). It
is noteworthy that for the reduced film, the Fe spectrum shows
the Fe2p1 and Fe2p3 peaks at 721.2 and 708.4 eV, respectively
(Figure 10 A1), whereas for the Co spectrum, three peaks show
up; a Co2p1 peak at 797.8 eV and two overlapped Co2p3 peaks

Figure 7. (a) Frequency shift vs potential for the broad dominant band
peaking in the 2113-2130 cm-1 range. (b) Peak areas of deconvoluted
infrared bands as a function of potential (data from the spectra in Figure
6a.)
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at 782.7 and 781.2 eV, respectively (Figure 10 A2). The
corresponding spectral regions for the oxidized film are shown
in Figure 10 B1, B2. The Fe region shows two sets of peaks
for Fe2p1 and another set of two for Fe2p3 contrasting with the
spectrum of the reduced film. These new peaks (Figure 10 B1)
clearly confirm the presence of Fe(III) in the film. Interestingly,
Fe(II) signals are also present in oxidized films.

With respect to the Co spectral region (Figure 10 B2), there
are no clear-cut changes comparable to those shown for the Fe
region: the Co2p3 region shows two main peaks and a shoulder
that have binding energy shifts of 15.10 and 16.20 eV,
respectively. Both Co2p1 and Co2p3 peaks are broader upon
oxidation and show small satellite peaks at their higher energy
side (marked with*). It is worth mentioning that Co(III)
electrochemically formed on oxidized cobalt electrodes have a
Co2p1 peak at 798.4 eV and a Co2p2/3at 782.4 eV, with a binding
energy shift of 16.1 eV.26

Photochemical Activation of CoHCF Redox Sites.Figure
11 shows the evolution of two sets of voltammograms, under
continuous infrared irradiation (Figure 11a) and in the subse-
quent dark periods (Figure 11b). A series of voltammograms
were recorded at selected times during irradiation with wave-
lengths longer than 675 nm as obtained from a 100 W tungsten-
halogen lamp and a suitable cutoff filter. Irradiation was
performed at open-circuit for pre-selected lapses of time, the
potential scan being started from the open circuit potential in
the positive direction before completing the potential cycle. With
an increase of irradiation time, the voltammograms show a
systematic and reversible current increase along with a negative
shift of the main voltammetric peaks. After ca. 25 min of
irradiation, the voltammetric profiles attain a stationary state.
Once this stationary condition is achieved, light interruption at
open circuit brings about a spontaneous return to the initial,
nonirradiated, condition in a time lapse slightly longer than that
for the transformation under IR light (Figure 11b). The film
photoactivation instigates an increase in the number of elec-
trochemically active entities (charge increases). The correspond-
ing evolution and its return in the dark to the initial condition
are presented in Figure 12. This procedure can be reversibly
repeated (not shown).

General Discussion

Dark Redox Processes.The IR spectroelectrochemistry and
XPS data presented in the preceding section underline a degree
of complexity in the CoHCF system, that do not appear to have
been recognized by previous authors in electrochemical
studies.4,11-14 Interestingly, cyclic voltammograms essentially
similar to those presented in Figure 2, have also been reported
by previous authors but interpreted in terms of only 2-4 CoHCF
species (see above).

The scheme in Figure 1, synthesized from considering all
our data as a unit, clearly indicates that the CoHCF system is
considerably more complex. The potential (energy) domains of
existence of the various species, culled from the IR spectral

Figure 8. Infrared difference reflectance spectra of CoHCF thin and thick films in 1 M KNO3. (a) electrochemical thin film (δ ) 80 nm), (b)
chemical thick film (δ ) 320 nm) and (c) electrochemically thick film on protected gold (δ ) 335 nm).

Figure 9. Infrared spectra of precipitates obtained from electrochemical
preparation of chemical thick films using 10-3 M Co(NO3)2 + 10-3 M
K3Fe(CN)6 + 0.1 M MNO3 with M ) Na (a), K (b), and Rb (c).
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data, are also shown in this scheme. Three processes labeled I,
II, and III are postulated as electrochemically independent, and
two of them become linked through the photoinduced transfer
(Figures 11 and 12).

Path I is a confined redox process involving the [Fe(III),Co-
(II)]/[Fe(II),Co(II)] species in the CoII3[FeIII (CN)6]2 structure,
that converts to the corresponding K2CoII

3[FeII(CN)6]2 coun-
terpart. The general equation for this process can be written as

The electrochemical conversion between these two entities was
clearly tracked by their in situ infrared characteristic frequencies

at 2155 cm-1 for Co3[Fe(CN)6]2 and 2105 cm-1 for K2CoII
3-

[FeII(CN)6]2 (Figures 3-5 and Table 1). The rate of intercon-
version is dictated by the uptake/release of potassium cations
during the reduction/oxidation process. As the CoII

3[FeIII (CN)6]2

structures have all the tetrahedral interstices empty, the uptake
of potassium should not present difficulties and a quasi-
reversible, kinetically fast behavior is observed in the evolution
of the two infrared bands (see differential spectra at 11 Hz in
Figure 5), with a redox potential for this couple centered at ca.
0.45-0.50 V (as obtained from Figure 4).

Thin films show another pair of IR bands located at ca. 2125
cm-1 and at 2087 cm-1. They are attributed to Path III in Figure
1. Path III takes place at more negative potentials than the

TABLE 2: Surface Analysis of the Three Types of CoHCF Films (see Experimental Section) by X-ray Photoelectron
Spectroscopy

type of film charge and film loading Co/Fed K/Fed K/Cod average stoichiometry

(I) thin filma Q ) 6.2 mC/cm2 1.1 1.7 1.2 K2Co[Fe(CN)6] (70-80%)
Γ ) 6.4× 10-8 mol/cm2 c K2Co3[Fe(CN)6]2 (20-30%)

(II) chemical thick filma Q ) 25.3 mC/cm2 1.4 1.1 0.9 K1.2Co1.4[Fe(CN)6]
Γ ) 4.1× 10-7 mol/cm2 c

(III) electrochemical thick filma Q ) 22.1 mC/cm2 1.2 0.6 0.6 K0.7Co1.1[Fe(CN)6]
Γ ) 3.4× 10-7 mol/cm2 c

(IV) electrochemical thick filmb Q ) 20.9 mC/cm2 1.1 0.3 0.4 K0.2Co1.1[Fe(CN)6]
Γ ) 2.1× 10-7 mol/cm2 c K0.4Co1.2[Fe(CN)6]

a Electrode disconnected at 0.0 V.b Electrode disconnected at 0.95 V.c Γ ) film loading (CoHCF surface concentration).d Nominal uncertainty:
( 0.1.

Figure 10. High-resolution Fe2p and Co2p XPS data on CoHCF films prepared on gold foil under protected conditions. Potentiostat switched off
at 0.0 V (A), and at 0.95 V (B), after 30 cycles in 10-3 M Co(NO)3 + 10-3 M K3[Fe(CN)6] + 1.0 M KNO3.

CoII
3[FeIII (CN)6]2 + 2e- + 2K+ S K2CoII

3[FeII(CN)6]2 (1)
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process corresponding to the 2155 cm-1/2105 cm-1 redox set
(see Figures 3 and 4). With the aid of the infrared frequencies
listed in Table 1, the broad 2125 cm-1 band can be assigned to
the KCoIII [FeII(CN)6] structure. Consequently, the electrochemi-
cal process can be written as

This transformation, observed through the 2125 cm-1/2087 cm-1

bands, is also reversible in thin films, as indicated by its ability
to follow the 11 Hz potential modulation (Figure 5). The process
requires potassium cations being rapidly inserted in the semi-
empty tetrahedral sites (with1/4 of them are already occupied).
The insertion of potassium concomitant with film electroreduc-
tion is borne out by quantitative XPS assays showing an average
K/Fe ratio of 1.7( 0.1 (Table 2). This result points to the K2-
Co[Fe(CN)6] structure (eq 2) as the main component in reduced
thin films. This reduced structure manifests through the 2087
cm-1 band in the corresponding infrared spectra. Its contribution
however is not dominant in thin film spectra, probably due to
a low extinction coefficient.

The broad band at 2125 cm-1 is assigned to the stretching of
cyanide bridging Fe(II) and Co(III) and in a CoHCF structure
bearing a Co/Fe ratio of unity. In this structure, conversion from
[Fe(III),Co(II)] species to the more stable [Fe(II),Co(III)]
species, occurs via electron transfer from Co(II) to Fe(III)
through cyanide bridges.

Path III also includes an additional electrode process leading
to a more oxidized state of the film and involving the [Fe(II),-
Co(III)]/[Fe(III),Co(III)] conversion. This reaction is signaled
by the appearance of a weak band at 2200 cm-1 at potentials
higher than 0.7 V (see Figures 3-5, and Table 1). The conver-
sion is only partially completed as the 2125 cm-1 intensity bare-
ly decreases when the [Fe(III),Co(III)] species (at 2200 cm-1)
starts appearing. Paths I and III thus involve redox processes
related to CoHCF structures with Co/Fe ratios of 1.5 and 1.0
respectively, both being the most common stoichiometries for
CoHCF compounds. Their potential windows of stability are
confirmed by cyclic voltammetry performed at slow scan rates
(Figure 5b).

On the other hand, Path II in Figure 1 involves thick films
that are dominated by intermediate CoHCF stoichiometries with
Co/Fe ratios between 1.0 and 1.5 (Table 1). The infrared spectra
of thick films significantly differ from those of thin films. For
chemical (coagulated) thick films, C≡N stretching bands related
to [Fe(II),Co(II)] species with frequencies of 2087 cm-1 and
2105 cm-1 are clearly seen, the 2087 cm-1 species converting
only partially to a broad band that shifts to the 2113-2130 cm-1

range with the oxidation potential (Figures 6 and 7a). This shift
in frequency resembles the behavior reported for species with
the K0.4Co1.3[Fe(CN)6] formula, i.e., with a Co/Fe)1.3 stoi-
chiometry.5,7 Note that a band at 2120-2125 cm-1 is clearly
present in thin films but it is not related to a Co/Fe) 1.3 but
instead to a Co/Fe) 1.0 stoichiometry as shown by XPS data.
In fact, thick films have a higher Co/Fe ratio than that prevailing
in thin films (Table 2) pointing to a Co/Fe≈ 1.3 stoichiometry
that can be expressed through the following main electrochemi-
cal reaction

Reaction 3 involves Co(III)/Co(II) redox centers instead of
Fe(III)/Fe(II) centers, the former being favored in potassium
electrolytes at room temperature as reported elsewhere.5c

Path II also includes partial electrooxidation to [Fe(III),
Co(III)] pairs, as indicated by the presence of the 2200 cm-1

band. This band however was not detected in precipitates formed
during film preparation (Figure 9), indicating that these species
are only formed by electrochemical oxidation and not via
chemical reaction. In contrast, the broad 2113-2130 cm-1 band
appears as the main contribution not only in chemical thick films

Figure 11. (a) Voltammograms for a CoHCF film in 1 M KNO3 as a
function of irradiation time. Illumination from a quartz halogen lamp
(wavelengths longer than 675 nm, 2.1 mW/cm2), for time t ) 0, 1, 3,
5, 8, 11, 15, 18, 24 min. (b) Post-irradiation relaxation (at open circuit)
to the initial state (t ) 0, 3, 6, 9, 12,15, 18, 22 min in the dark).
Voltammograms started from open circuit potential. Scan rate) 50
mV s-1. A voltammogram for Au in 1 M KNO3 is also shown in Figure
11 a (- - -).

Figure 12. Plot of ∆Qa as a function of irradiation time (up to the dot
vertical line) and during dark time period (passing the dot line).∆Qa

is equal toQa
t - Qa

t)0, with Qa
t being the voltammetric charge at a

pre-selected irradiation time andQa
t)0 the corresponding charge before

starting the irradiation for the ascending branch. For the descending
branch,∆Qa ) Qa

t+td - Qa
t)0, with Qa

t+td being the charge in dark
after shutting off the light.

KCoIII [FeII(CN)6] + e- + K+ S K2CoII[FeII(CN)6] (2)

K0.4CoIII
1CoII

0.3[FeII(CN)6] + 1e- + K+ S

K1.4CoII
1.3[FeII(CN)6] (3)
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(Figures 6 and 7b) but also in the precipitates (Figure 9,
spectrum b) suggesting that the coagulation on the electrode
surface may be important in the formation of thick films.

In other aspects, electrochemical thick films show common
features with chemical films of comparable thickness mostly
in the spectral dominance of the 2113-2130 cm-1 band (Path
II). However, Path I is clearly more discernible in chemical than
in electrochemical thick films, as the former show a higher
contribution of the 2156 cm-1 band than do electrochemical
thick films (Figure 8). As these two bands (related to Paths II
and I) correspond to CoHCF structures with Co/Fe) 1.5 and
1.3 respectively, the average stoichiometries of chemical films
should be somewhat between these two Co/Fe ratios (XPS
confirms a Co/Fe) 1.4 for this type of films). Furthermore,
the XPS detection of Fe(II) in oxidized films (Figure 10) points
to the existence of species with Fe(II) and Co(III) sites.

The 2200 cm-1 band is found in thick films with higher
intensity than in thin layers. This highly oxidized species with
[Fe(III), Co(III)] pairs are only present in CoHCF films that
had been exposed to positive potentials. These species do not
seem to arise from the oxidation of structures with [Fe(III),-
Co(II)] pairs (with Co/Fe) 1.5) as inferred from the comparison
between the infrared spectra of thin and thick films.

Photoactivated Redox Process.There is also a possibility
that at room temperature, light-induced electron transfer from
Co(III) to Fe(II), would bring about changes in the film
voltammetric profile through the photoactivation of inactive
redox centers. The evolution of voltammograms for an elec-
trochemical thick film under near-IR irradiation (Figure 11)
shows this phenomenon manifested as a net increase in current
and redox reversibility. This process was observed to reach a
saturation condition. Light interruption at open circuit after
photoactivation is followed by a spontaneous return to the more
stable oxidized configuration (Figure 12).

It is relevant to mention here that during photoactivation, the
[Fe(II),Co(III)] pairs (photoconverted to [Fe(III),Co(II)]) un-
dergo an elongation in the Co-N distance that results in a re-
ported expansion of the unit cell parameter from 9.96 to 10.32
Å.5d,27This lattice expansion may also contribute to the increased
redox reversibility of the films in that it may widen the channels
through which potassium ions move as required by electroneu-
trality.

The photoinduced redox transformation is schematically
shown to result in the conversion of low-spin Co(III) species
to their high spin Co(II) counterparts (Scheme 1). The photo-
converted [Fe(III), Co(II)] pairs are then more easily electrore-
duced on a subsequent potential scan by invoking Path I (Figure
12). The master scheme in Figure 1 shows that this photoacti-
vated process provides the link between the oxidized species
generated via Paths I and II, respectively.

Concluding Remarks

This study builds upon, and considerably extends, the pre-
vious electrochemical observations4,11-14 of various compound
stoichiometries in the CoHCF system. A comprehensive redox

scheme emerges from this study based on seven distinct CoHCF
species that are inter-linked through three independent pathways
and charge-transfer processes in the dark and activated by IR
radiation. The combination of cyclic voltammetry, IR spectro-
electrochemistry, and ex situ XPS analyses of the resultant films
affords a self-consistent picture of how the various compound
stoichiometries are linked in this complex system.
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SCHEME 1: Photoinduced Transition (see Figures 11
and 12) Showing the Changes at the Fe and Co Redox
Centers
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