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Abstract

A Ni, Al hydrotalcite-like compound (Htlc) has been proven an useful host material for an alternative synthesis of a K+-free mixed

hexacyanoferrate Ni1.5Fe
III(CN)6, which is very difficult to obtain in bulk. The first stage of the procedure consists in the intercalation of

hexacyanoferrate(III) inside the Htlc structure. The intercalated Htlc has been treated with a NiNO3 solution. The obtained material has

been characterized by XRD, XAS Raman and FT-IR spectroscopy. The voltammetric response of the compound obtained after the

complete solubilization of the Htlc host shows a typical fingerprint of nickel hexacyanoferrate material with a very low level of

potassium. Elemental analysis confirmed the absence of K+ and thus the occurrence of K+-free nickel hexacyanoferrate (14% yield).

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs) or hydrotalcite-like
compounds (Htlcs) are also known as anionic clays,
due to their layered structure with a charge opposite to
that of cationic clays. Their structural chemistry is based
on that of magnesium hydroxide, brucite, where partial
MII/MIII substitution has taken place, resulting in a net
positive charge which is compensated by interlayer anions
or anionic complexes [1]. Their general formula, hereafter
abbreviated as M(II)/M(III)-A, is [M(II)1�xM(III)x(OH)2]

x+

Ax/n
n�
�mH2O where M(II) and M(III) are the divalent and

trivalent cations and An� is the interlayer anion.
A peculiarity of these compounds is their anion exchange

feature, which enables the synthesis of a continuous
growing family of new layered materials and sometimes
represents the only alternative to incorporate a desired
compound or to increase the loading of a particular
metal [2].
e front matter r 2006 Elsevier Inc. All rights reserved.
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Solid metal cyanometallates such as Prussian Blue and
its analogues are of much interest since they exhibit both
ionic conductivity as well as redox properties [3]. They
constitute a class of fairly well-defined zeolite-like poly-
nuclear inorganic materials with fixed metal ionic redox
centres and freely diffusing cations in and out of the lattice
structure, during the redox processes, in order to maintain
electroneutrality. Investigating redox behaviour and
dynamics of charge transport in thin films of such systems
is important for understanding their interesting physical
and chemical properties which make these compounds
attractive for technical and analytical applications.
Recently, metal cyanometallates have found applications

in electrochromism [4–7], electrocatalysis [8–10], solid-state
batteries [11–14], ion-sieving membranes [15] molecular
magnetism [16–19], ion-exchange selectivity [20–22] and
corrosion protection [23]. Furthermore, their ion-exchange
characteristics have made them attractive to develop
sensors and biosensors [24–27].
While the redox behaviour of the various metal

hexacyanoferrates are clearly related, they are dissimilar
in many respects [28]. Among metal hexacyano-
ferrates, nickel(II) hexacyanoferrate(II,III), NiHCF can
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be considered as a model system for fundamental and
applied studies since both oxidized and reduced forms of
NiHCF allow an easy transport of supporting electrolyte
cations while providing charge electroneutrality during the
redox processes and, therefore, this material displays two
reversible and reproducible voltammetric peak systems not
only in K+ containing electrolytes, but also in the presence
of other alkali metal cations. Furthermore, NiHCF can be
formed as a thin film on many conductive materials by
several synthetic routes [29–31].

In bulk synthesis, processing conditions can be used to
tune the stoichiometry of NiHCF powders over the entire
range of Ni:Fe stoichiometries and recently Steen and
Schwartz have reported that bulk methods can be adapted
to thin film synthesis [32].

In a previous work [33] we reported a study on
the intercalation kinetics of Fe(CN)6

4� into a Ni/Al–Cl.
The study was performed also to search a new approach
for the synthesis of a pure mixed hexacyanoferrate
[Ni2Fe

II(CN)6], i.e., without the presence of K
+ as counter

cations, which is very difficult to obtain. The rationale was
to destroy the intercalated Htlc by keeping it in contact with
a Ni2+ solution. Actually, the compound [Ni2Fe

II(CN)6]
was not synthesized due to the intercalation of the
hexacyanoferrate(II) as ion-pair with potassium.

Since hexacyanoferrate(III) is characterized by a lower
charge density and different chemical interactions with the
hydrotalcite structure [2], we have carried out the inter-
calation of Fe(CN)6

3� into the same Htlc and tried to
synthesize the K+-free nickel hexacyanoferrate compound
Ni1.5[Fe

III(CN)6], following the same procedure [33]. Also
this time the synthesis did not lead to the K+-free nickel
hexacyanoferrate.

Since the results obtained from FT-IR, Raman spectra
and the XRD pattern of the Htlc intercalated with
hexacyanoferrate(III) did not exclude the possibility that
the K+-free nickel hexacyanoferrate could be present
inside the Htlc host, we exploited the different solubility
of the host/guest compounds in acid media to verify this
hypothesis. From XRD, electrochemical behaviour and
elemental analysis, the solid residue obtained from the
solubilization of the Htlc host in HCl, resulted to be the
desired Ni1.5[Fe

III(CN)6].

2. Experimental

2.1. Synthesis of the compounds

The starting material Ni/Al–Cl was synthesized follow-
ing the co-precipitation method described by Miyata, by
using freshly boiled double distilled water for the prepara-
tion of the solutions and working under nitrogen atmo-
sphere to avoid the contamination from carbon dioxide
[34]. All salts were ACS reagent grade. Hydrated metal
salts AlCl3 � 6H2O, NiCl2 � 6H2O and K3Fe(CN)6 were as
supplied by Aldrich and Fluka. Standard solutions of
1.0M NaOH were supplied by Merck.
The intercalation of the anion Fe(CN)6
3� was performed

by the exchange method. About 0.4 g of Htlc was
suspended in 20.0mL of water and magnetically stirred
for 2 h under a high purity nitrogen flow. Then 1.5mL of
0.4M K3Fe(CN)6 aqueous solutions, corresponding to a
Fe(CN)6

3�/Al3+ molar ratio of 2.5:1, were added; the
nitrogen flow was stopped and the reaction container was
sealed in order to maintain an inert atmosphere. After a 9 h
exchanged time chosen on the basis of previous results [33],
the solid obtained (Htlc Ni/Al–FeIII(CN)6) was separated
by centrifugation, repeatedly washed with double distilled
water and finally dried in an oven at 50 1C, under vacuum.
Later an amount of the intercalated Htlc was suspended,
under magnetic stirring, in a 0.1M Ni2+ solution for 24 h.
The solid obtained XyNixFe

III(CN)6 was separated by
centrifugation, dried under vacuum in an oven (50 1C) and
characterized by means of, XRD, FT-IR, Raman and
X-ray absorption spectroscopy and cyclic voltammetry.
2.2. Elemental analysis ICP-OES

Fe, Ni and K were determined with a Varian (Palo Alto,
CA_USA) Liberty 200 sequential ICP-OES, equipped with
a 1800 groovesmm�1 holographic grating, a 0.75m focal
length Czerny-Turner optical system, a V-groove nebulizer,
a Sturman-Master inert nebulization chamber and a
standard radial quartz torch (injector ID 1.4mm). The
RF generator is based on a 40.68MHz crystal-controlled
oscillator. The instrument was optimized for the viewing
height, scan and search windows, power, plasma flow,
auxiliary plasma flow, pump speed and nebulizer pressure.
Dynamic background correction was used for all the
wavelengths in the determination. Analytical lines were
231.604(II) nm for Ni, 259.940(II) nm for Fe and 766.490
for K. Overall sample dilution was 1:20 in 1M HCl (or 1M
LiOH for the material solubilized after HCl treatment).
The analytical blank was analysed for each dissolution
mixture to correct for any contaminant present. In
addition, the samples were analysed using standards
prepared in either 1M HCl or 1M LiOH, as required.
2.3. Electrochemical test

Cyclic voltammetry (CV) was carried out with a
CHInstruments (Austin, TX, USA) model 660A analyzer.
The experiments were performed in the 0–0.8V potential
range, in a conventional three-electrode cell, using a Pt wire
as counter electrode. The working electrode was consti-
tuted by a paraffin-impregnated graphite, sandwiched in a
Pt net as current collector, containing the XyNixFe

III(CN)6
powder or by a gold disk with the Ni1.5[Fe

III(CN)6] powder
mechanically attached.
All the measurements were carried out at room

temperature (approx. 22 1C) and high purity nitrogen was
used to deoxygenate the solutions. All potentials were
recorded versus a saturated calomel electrode (SCE).



ARTICLE IN PRESS
I. Carpani et al. / Journal of Solid State Chemistry 179 (2006) 3981–3988 3983
2.4. X-ray diffraction

X-ray powder diffraction patterns were recorded, in the
2y range of 5–801, on a Philips PW 1050/81 X-ray powder
diffractometer equipped with a graphite monochromator
and a vertical goniometer, using CuKa radiation (1.5406 Å)
and a scanning rate of 0.051/s.

2.5. FT-IR spectra

The Fourier-transform infrared spectra (FT-IR) were
recorded in a Nicolet Nexus 470 spectrometer, configured
with a Nicolet Continuum microscope and a MCT/B
liquid-nitrogen cooled detector. Spectra were collected in
attenuated total reflectance (ATR) mode, through a
Cassegrain objective (14� ) reaching a spatial resolution
of �100 mm2. The samples were investigated without any
pre-treatment by putting in intimate contact the silicon
crystal with the powder. The spectra were recorded (as sum
of 256 scans with a resolution of 4 cm�1) in the spectral
region of the medium infrared (500–4000 cm�1).

2.6. Raman spectra

A Renishaw Raman System RM1000 was employed to
perform Raman analyses in the range between 2000 and
2500 cm�1. It was configured with a Leica DMLM
microscope (with 5� , 20� , 50� and 20� LD objec-
tives), a notch filter, and a charge-coupled device (CCD)
thermoelectrically cooled (203K) detector. An argon ion
laser (514.5 nm) and a diode laser (780.0 nm) were used as
radiation sources, with a nominal laser power varied from
10 to 25mW. In a typical Raman experiment, the laser was
focused on the sample with the help of an objective lens; in
all cases a 50� objective was employed. In order to obtain
a satisfactory signal-to-noise ratio, the time of each scan
was 10 s and the total number of scans from 2 to 10.
Spectra were calibrated using the 520 cm�1 Raman line of a
silicon wafer.

2.7. XAS data collection

X-ray absorption experiments (XAS) were performed
at the Synchrotron Radiation Source (SRS) at Daresbury
Laboratory, Warrington, England using the beam
line 7.1.

The storage ring operates at 1.6GeV with a typical
current of 240mA. A Si (111) double crystal monochro-
mator was employed. In order to reduce higher harmonics,
the second crystal was detuned at about 70%. Internal
references for energy calibration were used for iron and
nickel. Data at the Fe K-edge were acquired in fluorescence
mode using a Ge high-purity, 13-element solid-state
detector and in transmission mode at the Ni K-edge.
XAS spectra were collected in the k (Å�1) space up
to k ¼ 15 at 0.03 k intervals with a 3 s integration
time allowing extended X-ray absorption fine structure
(EXAFS) spectra to be recorded sequentially after the near
edge X-ray absorption structure (XANES) region. Samples
were prepared by mixing powdered compounds with
cellulose (Merck) (20:80 w/w) and applying a pressure of
about 5 tons cm�2 in order to obtain a pellet.
2.8. XAS data analysis

XANES spectra were normalized to an edge jump of
unity. A prior removal of the background absorption was
done by subtraction of a linear function extrapolated from
the pre-edge region. The EXAFS analysis was performed
using the GNXAS package [35,36] which takes into
account Multiple Scattering (MS) theory. The method is
based on the decomposition of the EXAFS signals into a
sum of several contributions, the n-body terms. It allows
the direct comparison of the raw experimental data
with a model theoretical signal. The procedure avoids
any filtering of the data and allows a statistical analysis of
the results. The theoretical signal is calculated ab initio and
contains the relevant two-body g(2) and the three-body g(3)

multiple scattering (MS) terms. The two-body terms are
associated with pairs of atoms, probing their distances and
variances. The three-body terms are associated with
triplets of atoms and probe angles, bond–bond, and
bond–angle correlations. Data analysis is performed by
minimizing a w2-like function, which compares the theore-
tical model to the experimental signal. The phase shifts
for the photoabsorber and backscatterer atoms were
calculated ab initio starting from the structural model
previously reported [37]. They were calculated according to
the muffin-tin approximation. The Hedin–Lundqvist
complex potential [38] was used for the exchange-correla-
tion potential of the excited state. The core hole
lifetime, Gc, was fixed to the tabulated value [39]
and included in the phase shift calculation. The experi-
mental resolution used in the fitting analysis was
about 2 eV, in agreement with the stated value for the
beam line used. The values of S0

2 were found to be between
0.82 and 0.86 for the Fe. The relevant E0’s values were
found to be displaced by several eV with respect to the
edge inflection point. The fitting procedure at the Fe K-
edge was conducted taking into account the relevant
set of multiple scattering paths [37]. Hence, we have
included in the fitting procedures the two-atom contribu-
tions g1

(2) Fe–C with degeneracy of 6, and the three-body
contribution Z1

(3) Fe–C–N, where the Z1
(3) Fe–C–N includes

both g(2) Fe–N and g(3) Fe–C–N contribution. It is worth to
point out that the inclusion of the three-body term Z1

(3)

allowed to monitor the shells beyond the second one by
using the same three-atom coordinates both for the two-
atom and the three-atom contributions. The overall
number of parameters included in the fitting procedure
was 9:2 bond distances, 1 angle, 3 EXAFS Debye-Waller
factors and three non-structural terms: E0, S0

2 and the
experimental resolution.
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3. Results and discussion

3.1. Characterization of XyNixFeIII(CN)6

3.1.1. X-ray diffraction

From the XRD data obtained previously for the parent
and the intercalated Ni/Al–FeIII(CN)6 [33] we concluded
that the insertion of hexacyanoferrate(III) ions induced a
not complete exchange of the native chloride. In fact, the
pattern showed an increase of the interlayer spacing typical
of the hexacyanoferrate-containing hydrotalcites, but also
the typical reflections of the pristine Htlc.

The XRD pattern of XyNixFe
III(CN)6 (Fig. 1) displays

the diffraction maxima typical of the parent Htlc at 11.1,
22.8, 35.0 (marked with a triangle), due to diffraction by
basal planes (003), (006), (009), and a doublet close to
601(2y) due to the diffraction by the basal plane (110) [40].
The presence of these reflections reveals that chloride
anions are still present after the overall process (intercala-
tion of Fe(CN)6

3� and successive immersion in Ni2+

solution).
In addition 6 maxima (marked with an asterisk) assigned

to a non-hydrotalcitic phase were observed. Taking into
account the data reported in the literature (Table no.
46-0906, International Centre of Diffraction Data, 12
Campus Boulevard, Newton Square, PA 19073-3273,
USA), the 2y positions of these peaks can be attributed
to the diffraction by basal planes (200), (220), (420), (440),
(600), (620), typical of the compounds KNiFeIII(CN)6 or
Ni3[Fe(CN)6]2 � 10H2O. This fact provides evidence for
nickel hexacyanoferrate formation, obtained by reaction of
the intercalated Fe(CN)6

3� with nickel ions.
3.1.2. FT-IR and Raman spectra

The IR spectrum of the compound XyNixFe
III(CN)6, in

the region 2000–2250 cm�1, is shown in Fig. 2. A broad
band at 2100 cm�1 and another at 2167 cm�1 are present.
Those bands are also present in KNiFeIII(CN)6 or
HNiFeIII(CN)6 and can be attributed to the CN stretching
of the above compounds, synthesized by simple mixing of a
soluble Ni salt and K3Fe(CN)6 or H3Fe(CN)6, by
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Fig. 1. XRD pattern of XyNixFe
III(CN)6. Triangle marks are assigned to

the Ni/Al–Cl Htlc. Asterisk marks are assigned to the KNiFeIII(CN)6 or

Ni3[Fe(CN)6]2 � 10H2O.
comparison with their IR spectra (Fig. 2). A close
inspection of the relative intensities of the two peaks
suggests that potassium ion might be in the XyNix
FeIII(CN)6 compound.
The Raman spectrum of XyNixFe

III(CN)6, in the region
2000–2350 cm�1, is displayed in Fig. 3, together with the
spectra of KNiFeIII(CN)6 and HNiFeIII(CN)6. The curves
are characterized by a strong band at 2187 cm�1 and a very
weak one at 2118 cm�1 attributed to n(CN) of the nickel
hexacyanoferrate(III) compound [41]. Hence, the com-
bined FT-IR and Raman analysis indicates that both
KNiFeIII(CN)6 and HNiFeIII(CN)6 are most likely in-
volved, thought the present data do not permit to
discriminate between the two options. Besides, their
presence were already observed in the FT-IR and Raman
spectra of the Ni/Al–FeIII(CN)6 [42], even if the XRD
pattern did not reveal the presence of their typical
diffraction maxima, probably because the crystalline
domains were too small to be observed.
The absence of the bands due to the CN stretching of

ferrocyanide and ferricyanide intercalated in the Htlc layers
confirms the XRD results: Ni2+ ions from the solution
combines with Fe(CN)6

3� ions intercalated during the first
stage of synthesis, leading to a mixed hexacyanoferrate
compound.
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3.1.3. X-ray absorption spectroscopy

In order to obtain structural information on both
Ni/Al–FeIII(CN)6 and XyNixFe

III(CN)6, we acquired
X-ray Absorption spectra. The technique is strongly
sensitive to the short range environment of a selected
metal and can be applied to disordered, amorphous and
crystalline materials [43]. In particular, XAS applications
in the field of the intercalation science have been proved to
be very fruitful [44–46]. In this application, both Fe and Ni
site could be monitored by XAS. Spectra taken at the Fe
K-edge permit the study of the chemical environment of the
guest, i.e.: the nickel hexacyanoferrate whereas recording
spectra at the Ni K-edge are most likely related to the
chemical environment of the host, the Htlc structure. In
fact, in spite of the presence of the nickel hexacyanoferrate
into the host, which adds a second Ni site, its relative
concentration is very small and hence the overall XAS
signal is due almost completely to the host. This issue is
confirmed experimentally by the comparison of XANES
spectra or Fourier Transform curves of parent Ni/Al–Cl
and hexacyanoferrate(III)-intercalated Ni/Al–Cl Htlc com-
pounds [42]. In fact, the curves in both sets of data are
equivalent, providing evidence that only the Ni site related
to the Htlc structure is probed while recording XAS data at
the Ni edge. This fact has two implications. First, the
occurrence of the nickel hexacyanoferrate compound
can be only checked out by looking at the Fe K-edge
measurements. Second, due to the relative low concentra-
tion of iron atoms in both Ni/Al–FeIII(CN)6 and
XyNixFe

III(CN)6, spectra of high quality at the K-edge of
Fe can be obtained using fluorescence detection.

The EXAFS spectra have been fitted with the model of
Ref. [37] and using the significant Multiple Scattering path
specified in Section 2. Fig. 4 displays the comparison of the
experimental and theoretical EXAFS signals (upper panel)
and of the relative Fourier Transform (FT; bottom panel)
of the two investigated compounds. From the same figure it
is apparent that the theoretical signal matches well the
experimental one, indicating the reliability of the chosen
structural model and the accuracy of the data analysis
conducted in both fitting procedures.

Fig. 5 displays the details of the EXAFS analysis in term
of two and three body contribution to the total theoretical
signals. It is apparent that the two-body g(2) Fe–C and the
three-body Z1

(3) Fe–C–N, are very important in the
determining the total theoretical one in the whole range
of analysed frequency. It is worth noting that the large
amplitude of the three-body signal has been already
observed in hexacyanoferrate materials and it is due to
the focusing effect [37]. The residual appears to be very low
and accounts for a high-frequency contribution not
included in the calculation (see below). This contribution
should arise from the four-body signal Fe–C–N–Ni [37],
since the nickel hexacyanoferrate is structurally character-
ized by a framework of atomic linear chain –Fe–C–N–Ni–.
Moreover, the experimental FT curves displayed in
Fig. 4 actually show, in both Ni/Al–FeIII(CN)6 and
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XyNixFe
III(CN)6 spectra, a contribution at about 4.5 Å,

which corresponds to a high-frequency signal in the
EXAFS spectrum. The attempt of including this four-
body contribution in the data analysis did not improve
significantly the fitting.

Table 1 summarize the obtained structural parameters of
the Ni/Al–FeIII(CN)6 and [XyNixFe

III(CN)6] as obtained
by the EXAFS best fits. The fit outcome indicates that the
first shell Fe–C in the intercalated Htlc is slightly shorter
(0.05 Å) than the values observed for the crystalline forms
or the solutions of hexacyanoferrates [47], but in agreement
with cobalt hexacyanoferrates intercalated in silica matrix
[48]. The CRN bond distance is seen to be in line with the
value normally quoted for this class of compounds. The
fitting procedure has also permitted to check the possible
structural modification upon the exchange process (com-
parison of the Ni/Al–FeIII(CN)6 with XyNixFe

III(CN)6). As
seen from Table 1, the relevant structural parameters of the
two samples are found to be almost the same, apart of a
slight decrease of the EXAFS bond variance of Fe–C,
indicating the preservation of the overall structure.

This issue is also confirmed comparing the XANES
spectra taken at the Fe K-edge of Ni/Al–FeIII(CN)6 and
XyNixFe

III(CN)6 compounds, shown in Fig. 6. As seen, the
two curves are very similar with differences visible in the
pre-edge region (P1) as well as in the main peak region (P2)
directly associated to transitions to empty bound states [49]
that deals with the local coordination geometry of the
photo-absorber, and on the intensity of the first EXAFS
oscillation, at about 7140 eV, that reflects the low EXAFS
Table 1

Selected structural parameters from EXAFS fitting resultsa of Ni/

Al–FeIII(CN)6 and XyNixFe
III(CN)6

Ni/Al–FeIII(CN)6 XyNixFe
III(CN)6

Fe–C bond distance/Å 1.89 1.89

s2 Fe–C/Å2 0.003 0.002

CRN bond distance/Å 1.18 1.18

s2 CRN/Å2 0.011 0.010

aThe error associated with each bond length is 0.01 Å.
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bond variance of the first coordination shell Fe–C, already
observed by the EXAFS analysis.
3.1.4. Electrochemical measurements

The work by Zamponi et al. [50] has clearly demon-
strated that the electrochemical properties of NiHCF are
strongly dependent on the method of preparation, ex-
posure and concentration of the electrolyte cation K+. The
multipeak voltammetry of K+ intercalation/deintercala-
tion has been tied to NiHCF stoichiometry.
Specifically, the lower voltage CV peaks occurred in

films that were lower in potassium, while higher voltage CV
peaks occurred in film that were richer in potassium. For
the two predominant forms of electrodeposited NiHCF
films the following approximate formulas can be assigned:
XNi1.5[Fe

II(CN)6] and X2Ni[FeII(CN)6] (where X+ is Li+,
Na+ or K+). Assuming charge propagation is provided
through the flux of cations, the system’s redox reactions
can be written as

Ni1:5½Fe
IIIðCNÞ6� þ e� þ Xþ$XNi1:5½Fe

IIðCNÞ6� (1)

XNi½FeIIIðCNÞ6� þ e� þ Xþ$X 2Ni½FeIIðCNÞ6� (2)

The actual stoichiometries of NiHCF are dependent on
the nature of alkali metal cation, and they are likely to be
differently composed of ‘‘insoluble’’ (K+-free), ‘‘soluble’’
(K+-rich) or defective structural analogues of nickel-
substituted Prussian Blue [51].
The structural analogue of soluble Prussian Blue has an

ideal Ni:Fe stoichiometry of unity; higher Ni:Fe ratios arise
from Fe(CN)6

4� lattice vacancies, extra Ni2+ occupying
interstitial alkali cation sites. Therefore, the higher voltage
peak arises from the nearly perfect 1:1 stoichiometry,
whereas the lower voltage CV peak from the non-
stoichiometric structure.
Fig. 7 shows the cyclic voltammetry of the compound

XyNixFe
III(CN)6 in a 0.1M tetraethylammonium perchlo-

rate (TEAP) solution in order to obtain informations on
the dynamics of ions insertion/release.
Although the supporting electrolyte does not contain

potassium ions, the system is characterized by the
couples of anodic and cathodic peaks typical of mixed
hexacyanoferrates, obtained during the electrodeposition
of a NiHCF film from a solution containing K+ salts,
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Fig. 7. Cyclic voltammetry recorded in 0.1M TEAP solution for the solid

XyNixFe
III(CN)6. Scan rate: 0.01V s�1.
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Fig. 9. Cyclic voltammetry (9A: first cycle; 9B: after 20 cycles) recorded in

0.5M KNO3 solution for the solid obtained by dissolving the intercalated

Htlc Ni/Al–FeIII(CN)6 in 1M HCl. Scan rate: 0.05V s�1.
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as stated above [50]. As already observed [33] a possible
explanation of these experimental findings is the occurrence
of the intercalation of the ion-pair potassium—hexacya-
noferrate inside the parent Htlc. The contact with the Ni2+

solution promotes the formation of a NiHCF where the
interstitial holes are occupied by K+, due to the strong
affinity of potassium ions for metal hexacyanoferrates [27].

As to the K+ absence/presence issue, the CV test
appears to be definitive while Raman and FT-IR analysis
had failed in confirming this evidence.

The elemental analysis performed on XyNixFe
III(CN)6

made this hypothesis more conclusive, as revealed by the
presence of potassium. On the basis of the data obtained,
the following approximate stoichiometric formula
K0.8Ni1.1Fe

III(CN)6 was proposed. The ratio Ni:Fe close
to 1 is indicative of a K+-rich structure.
3.2. Evidence of K+-free nickel hexacyanoferrate

As stated before, FT-IR and Raman spectroscopy
suggested the occurrence of the compounds KNiFeIII(CN)6
or HNiFeIII(CN)6 in the intercalated Htlc, although their
presence was not confirmed by XRD, probably because the
crystalline domains were too small to be observed. In order
to check for the pure mixed hexacyanoferrate, a sample of
intercalated Htlc (60mg) was solubilized with 1M HCl
(70mL). The acid treatment left a solid residue, which was
separated by centrifugation, washed with doubly distilled
water and dried under vacuum in an oven (50 1C). The
obtained material (8.3mg) was characterized by means of
XRD, cyclic voltammetry and ICP-OES.

The XRD spectrum (Fig. 8) displays a broad pattern
with only a single maximum, due to the diffraction by the
basal plane (200), which can be ascribed to the compounds
KNiFeIII(CN)6 or Ni3[Fe(CN)6]2 � 10H2O. Due to the
large structural disorder, the other reflections were not
observed.

The electrochemical measurements were performed in
0.5M KNO3 solution, directly on the powder mechanically
attached to a gold disk [50] and the corresponding curves
are displayed in Fig. 9. The first cycle (Fig. 9A) was
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Fig. 8. XRD pattern of the product obtained after HCl treatment.
dominated by a typical reversible couple of peaks. When
performing further cycles in potassium salt electrolyte, the
system started to show an additional peak at higher
potentials (Fig. 9B). These findings could be explained as
follows. Nickel-rich NiHCF compounds, characterized by
relatively high ratios of Ni to Fe and by very small
amounts of interstitial K+, display only a single set of
peaks at relatively negative potentials [50]. On the contrary,
the exposure of such a structure to K+ salt electrolytes
results in the uptake of potassium ions producing the so-
called K+-rich NiHCF, with the subsequent appearance of
the higher voltage peak system in CV.
ICP-OES analysis of the solid obtained after HCl

treatment, performed after its solubilization in 1M LiOH
confirms the absence of potassium. Hence, we refer to such
a material as K+-free nickel hexacyanoferrate. The molar
ratio of Ni:Fe resulted 1.770.3, in agreement with a pure
nickel hexacyanoferrate, leading to the formula Ni1.5
FeIII(CN)6. Therefore, the intercalation of Fe(CN)6

3� inside
a synthetic Htlc, containing Ni as bivalent metal, and
its dissolution in HCl revealed a good strategy to obtain
the K+-free nickel hexacyanoferrate, with a yield of
about 14%.
4. Conclusions

Experimental results confirmed the synthesis of a
nickel hexacyanoferrate as demonstrated with the
combined use of XRD, FT-IR, Raman and XAS
spectroscopy. In addition, electrochemical analysis and
ICP-OES provided the evidence for the absence of
potassium, i.e., the formation of K+-free nickel hexacya-
noferrate. The synthesis proposed in this work uses a Ni/Al
hydrotalcite as host material for the intercalation of
hexacyanoferrate(III). To obtain the K+-free nickel
hexacyanoferrate, the Htlc host was further dissolved in
acid solution. Due to the different solubility of Htlc and
NiHCF compounds in acid solutions it was possible to
obtain K+-free nickel hexacyanoferrate with a yield of
14%. Though not further improved, the approach here
described appears well-suitable for scaling up to larger
amounts of material, since a better yield in the synthesis of
the host material Ni/Al–FeIII(CN)6 is an affordable target
for achieving this goal.
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