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Abstract
We demonstrated that the sequential structural control of

nanoparticles of an open-framework coordination polymer,
copper hexacyanoferrate (CuHCF). The structural control has
been achieved by adding the component ions not only in
dispersion phase but also in the thin film form. The CuHCF
nanoparticles (NPs) in the dispersion phase changed chemi-
cal composition and enhanced dispersibility with capturing
[Fe(CN)6]3¹ anions. On the other hand, the NPs in the thin film
were reversibly turned to the original state by capturing Cu2+

cations. Through the sequential processes, all of the synthe-
sized CuHCF NPs were utilized for the high-quality elec-
trochemical electrode for without electrochemical side reaction.
This process will contribute the preparation of various elec-
trochemical devices such as electrochromic devices, secondary
batteries and biosensors.

Recently porous materials,1­4 especially open-framework
coordination polymers, such as metal­organic frameworks5,6

and Prussian blue analogues, have become quite attractive with
their nanocavity network in the crystal. One important potential
application is utilization as electrochemical electrodes, for
which Prussian blue and its analogues have been investigated
by various researchers especially.7,8 The Prussian blue family,
also called metal hexacyanoferrates (MHCFs), have general
chemical formula AMx[M¤(CN)6]y, where A represents the
cation such as alkali metals, and M and M¤ are metals with
various oxidation numbers.7,9­14 The MHCFs are low cost

materials synthesized with simple processes, often exhibiting
an excellent electrochemical reaction with long cycle stability
and fast response, where the nanocavity network is utilized for
fast and stable ion diffusion.15­19

In addition, solvent-dispersible MHCF nanoparticles have
received attention in recent years, because of the importance of
fabricating thin films and fine patterns for printed electron-
ics.16,20­25 The dispersibility of the MHCF nanoparticles are
improved by a simple method:23,24 Synthesis of the insoluble
nanoparticles of the MHCF with mixing M¡+ cations and
[Fe(CN)6]¢¹ anions, followed by the addition of chemicals for
surface modification. By changing the added chemicals, the
dispersibility for various solvents such as water, alcohols, and
organic solvents is provided.

In this paper, we further developed the method: realizing the
water-dispersibility control, both enhancement in the aqueous
dispersion and suppression in the thin film. As an example,
we used copper hexacyanoferrate (CuHCF), also a fasci-
nating material with various potential applications,26­41 espe-
cially for electrochemical applications such as secondary
battery electrodes,26,27 electrochromic devices,28,29 and chemi-
cal sensors.30­33

The essential strategy is schematically shown in Figure 1.
First, the insoluble CuHCF nanoparticles are given water-
dispersibility by adding [Fe(CN)6]¢¹ anions in a suspension
liquid (slurry), by raising the polarizability of nanoparticles
negatively by capturing the anions (called CuHCF(¹) in this
paper). Sequentially, the dispersibility is reversely suppressed
by capturing the Cu2+ cation even after fabricating the thin film
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(called CuHCF(+)). The most important point is both captured
ions, the raw materials of the MHCF, indicating that they
would not obstruct the electrochemical reactions of the CuHCF.
Another specialty of our method is the suppression of the
dispersibility even in thin film without heating. The dispersi-
bility of nanoparticles is disadvantages for the thin-film sta-
bility, although it is required in the coating/printing processes
for the film fabrication. In addition, the film-immobilization by
heating is often difficult to apply due to the limitation of the
heat stability of the substrate.

To realize our strategy shown in Figure 1, we determined
the amount of the added ions, e.g. in the case of the prepara-
tion of CuHCF(¹), we used slightly more of the additional
[Fe(CN)6]¢¹ anions than the Cu-site on the CuHCF(0) surfaces
for the sufficient coverage of the nanoparticle surface. How-
ever, we do not deny the occurrence of the insertions of the
anions and cations into the NPs. Even with the ion insertions
into NPs, our purpose, the control of the dispersibility and the
electrochemical reaction, would be achieved wherever the
positions of the added ions captured in the NPs.

Our method also provides further improvement: the elimi-
nation of electrochemical side-reactions of the nanoparticle
electrode. The MHCF thin films often show a side redox
reaction, mainly caused by excessive raw materials. Such side
reaction disappears with our method, which leads to the stable
work in electrochemical devices.

In this paper, we elucidate the structural change during the
ion-capture processes, e.g. chemical composition, crystal struc-
ture, and the nanoparticle form. The tuning of the electrochem-
ical performance is also clarified, especially colour variation in
the electrochromism, the optical property change by the redox
reactions.

Experimental

Four kinds of CuHCF were prepared in this study. The
preparation scheme and their form is summarized in Figure 2.

At first, we prepared as-synthesized CuHCF (CuHCF(0))
nanoparticles according to previous reports.23,29 The CuHCF(0)
nanoparticles were synthesized by mixing two raw mate-
rial solutions in a Y-type micromixer with a hole diameter of
150¯m.42 The concentrations of solutions were adjusted to
0.6molL¹1 of CuSO4 and 0.4molL¹1 of K3[Fe(CN)6]. The
CuHCF(0) with a chemical composition of CuII[FeIII(CN)6]2/3¢
zH2O was synthesized by the following reaction:

CuSO4 þ 2=3K3½FeðCNÞ6�
! CuII½FeIIIðCNÞ6�2=3 þ K2SO4 ð1Þ

The flow rates of the two solutions were equal (each 50
mLmin¹1) and the total of them was adjusted to 100mLmin¹1.
The size of CuHCF(0) nanoparticles are expected to ca. 20 nm.
The obtained CuHCF(0) slurry was washed with Milli-Q water
four times by centrifugation to remove K2SO4. Because of the

Figure 1. A schematic view of the sequential structural control of CuHCF. These blocks show the surface crystal structure of
CuHCF nanoparticle. The blue, green, and violet units respectively represent Cu2+, [Fe(CN)6]3¹, and H2O originally included in
CuHCF(0). The orange and red units show the additive [Fe(CN)6]3¹ and Cu2+, respectively.
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Figure 2. Schemes of the preparation method of the CuHCF nanoparticles and their obtained form.
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difficulty of the homogeneous thin film fabrication with
CuHCF(0) due to their low dispersibility, we also used the
supernatant, CuHCF(S), in order to fabricate the CuHCF(0)
thin films.

In order to prepare the CuHCF(¹) with higher dispersibility,
0.075molL¹1 K3[Fe(CN)6] aqueous solution was added to
the CuHCF(0) slurry with the molar ratio of [Fe(CN)6]3¹/
Cu[Fe(CN)6]2/3 = 0.25. After stirring at room temperature over
three days, the CuHCF(¹) were obtained as dispersion liquid
without any precipitate.

We prepared electrochemical electrodes with CuHCF(S) and
with CuHCF(¹) thin film. The thin film of each CuHCF sample
was fabricated on an indium tin oxide (ITO)/glass substrate by
spin-coating with each dispersion liquid with the concentration
of 0.1 gmL¹1. The film thickness was controlled with the rota-
tion rate for matching 6­9mCcm¹2 of the transferred charge
density in redox reactions. The thickness of each thin film was
confirmed as about 250­350 nm from the FE-SEM images. We
also prepared cation-capturing CuHCF (CuHCF(+)) thin film,
by quickly dipping in 0.1molL¹1 CuSO4¢5H2O aqueous solu-
tion, followed by a rinse with water.

The crystal structures of the CuHCF(0), CuHCF(¹), and
CuHCF(+) were evaluated by X-ray diffraction (XRD) at
room temperature using Cu Kα (­ = 1.54¡) radiation in the
2ª range of 10­70° (Ultima III, Rigaku, Japan). The crystallite
sizes were estimated by the Scherrer analysis of the XRD pat-
terns assuming the Scherrer constant = 0.94.43 The CuHCF(¹)
and CuHCF(0) were evaluated with their powders. Only for
CuHCF(+), thin film was used.

For the evaluation of the dispersibility of CuHCF(S),
CuHCF(¹), and CuHCF(+), the zeta potentials were measured
by dynamic light scattering (DLS) measurement (DelsaTM Nano
HC Particle Analyzer, Beckman Coulter, Inc., Ireland) with the
sample concentration of 2.5mgmL¹1 with the range of pH 7­8
at 25 °C. For the CuHCF(S) and CuHCF(¹), we used aqueous
dispersions. But for CuHCF(+), the aqueous dispersion of the
powders obtained by peeling the thin film was evaluated.

The chemical compositions of CuHCF were characterized
by microwave plasma atomic emission spectrometry (MP-
AES, 4100 MP-AES, Agilent Technologies, USA) with pre-
decomposition using a microwave sample preparation system
(MW, Multiwave3000, Perkin-Elmer Corp., USA). The surface
morphology and the structure of the CuHCF thin films were
evaluated using a field emission scanning electron microscope
(FE-SEM, S-4800II, Hitachi Ltd., Japan).

The electrochemical and electrochromic properties of the thin
film electrode of CuHCF(S), CuHCF(¹), and CuHCF(+) were
measured using cyclic voltammetry (CV) with a potentiostat
(ALS600E, BAS, Japan). In situ optoelectrochemical measure-
ments were carried out with a UV­vis spectrometer (USB-4000;
Ocean Optics Inc.). For the reference electrode, the counter
one, and the electrolyte, we used a saturated calomel electrode
(SCE), platinum wire, and 0.1molL¹1 potassium bis(trifluoro-
methanesulfonyl)imide (KTFSI)/propylene carbonate (PC)
solution, respectively.

Results and Discussion

Compositions. The chemical composition of CuHCF also
indicates the sequential structural control of nanoparticles.

Table 1 shows the chemical compositions of each CuHCF. It is
found that the composition ratio of Fe to Cu (Fe/Cu) increased
in CuHCF(¹) and decreased in CuHCF(+), respectively, indi-
cating that the capture of [Fe(CN)6]3¹ anion and Cu2+ cation by
NPs were achieved in each sequential step. On the other hand,
in the case of CuHCF(+) preparation with additive Cu2+, the
chemical composition almost returned to that of the CuHCF(0),
indicating that the most stable composition would be Fe/Cu =
2/3.

The changes of the Fe/Cu ratio are reasonable with the
concept shown in Figure 1, e.g. In the case of the CuHCF(¹)
preparation with the additive [Fe(CN)6]3¹, Fe/Cu increased to
31%. When the CuHCF(0) is assumed to be a cubic shape with
their NPs size 10­20 nm, the Cu2+ site on the NPs-surface,
that would capture the additive [Fe(CN)6]3¹ by coordination
bonding, is 14­27% of all Cu2+ ions. The excess [Fe(CN)6]3¹

anions would remain as K3[Fe(CN)6].
Crystal Structure. From the crystal structure analysis, we

observed a behavior of the excess [Fe(CN)6]3¹ anions, added
into the CuHCF(0) at the process of the preparation of the
CuHCF(¹). With XRD spectra shown in Figure 3, we found
the existence of excess [Fe(CN)6]3¹ anions as K3[Fe(CN)6] in
CuHCF(¹), and their disappearance in CuHCF(+).

Zeta Potentials. The zeta potentials of CuHCF were
evaluated as shown in Table 2. Generally the dispersibility
of nanoparticles increased as their zeta potential increased,
implying that the order of the dispersibility is CuHCF(¹),
CuHCF(S), and CuHCF(+). It is consistent with our strategy as
shown in Figure 1. In CuHCF(¹), after [Fe(CN)6]3¹ anions are
added into CuHCF(0), zeta-potential is negatively increased,

Table 1. Compositions of CuHCF samples measured by
MP-AES

Nanoparticles Compositions Fe/Cu ¦(Fe/Cu)

CuHCF(0) K0.05Cu[Fe(CN)6]0.68 0.68 ®

CuHCF(¹) K1.00Cu[Fe(CN)6]0.99 0.99 0.31
CuHCF(+) K0.01Cu[Fe(CN)6]0.71 0.71 ¹0.28
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Figure 3. XRD patterns of CuHCF(0), CuHCF(¹), and
CuHCF(+).
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indicating successful capture of [Fe(CN)6]3¹ anions by the
CuHCF(0). On the other hand, when Cu2+ cation is intro-
duced to CuHCF(¹) to prepare the CuHCF(+), the absolute
value of the zeta potential becomes small (close to “0”), show-
ing that the Cu2+ ions are captured by CuHCF(¹). Because
CuHCF(S) is just the supernatant of CuHCF(0), CuHCF(S)
would be the part of CuHCF(0) having larger zeta potential
accidentally.

The CuHCF(+) electrode is stable even in water, although
the CuHCF(¹) electrode easily eluted in contacting with water.
This result shows that the dispersibility of nanoparticles and the
electrode stability against the water contact is controlled by
Cu2+ ion-capturing.

Morphology. The influence on the morphology of the
CuHCF thin film by the sequential ion-capture processes is
found in the FE-SEM images shown in Figure 4. Concerning
the effect of the additive [Fe(CN)6]3¹ ions, between CuHCF(S)
and CuHCF(¹), the size of nanoparticles seems smaller in
CuHCF(¹) than in CuHCF(S). Such downsizing of the nano-
particles is caused by the enhancing of repulsion among primary
nanoparticles. In contrast, the change of the size of nanoparticles
through the Cu2+-capture between CuHCF(¹) and CuHCF(+)
is interesting. The CuHCF(+) film seems to form a two layered
structure with the upper smaller nanoparticles and the lower

larger ones. The upper layer of CuHCF(+) thin film would be
the new CuHCF formation from the excess [Fe(CN)6]3¹ anions
in the anion-capture process and the additive Cu2+ in the cation-
capture one.

Electrochemical Properties. In electrochemical prop-
erties, the effects of the anion/cation capture were clearly
found. Concerning with CuHCF(S), supernatant of CuHCF(0),
the clear electrochemical reaction was observed. The cyclic
voltammograms of CuHCF films electrode are shown in
Figure 5. The main peaks reveal redox reaction between Fe2+

and Fe3+ as the following eq 2:

CuII3½FeIIIðCNÞ6�2 þ 2Kþ þ 2e�

� K2CuII3½FeIIðCNÞ6�2 ð2Þ
On the other hand, the CuHCF(S) and CuHCF(¹) electrode

have satellite peaks corresponding to the side reaction.
Especially the CuHCF(¹) electrode shows large side reactions.
The side reaction in CuHCF(¹) would correspond to the redox
reaction of the excess [Fe(CN)6]3¹, because the side reactions
were enhanced in CuHCF(¹) after addition of the [Fe(CN)6]3¹.
The side reaction is suppressed by Cu2+ capture as shown
in CuHCF(+), caused by disappearance of the [Fe(CN)6]3¹

with the new CuHCF formation. The important point is that
no difference is found in the cyclic voltammogram between
CuHCF(S) and CuHCF(+). This result indicates that our
method with sequential structural control supplies CuHCF

Table 2. Zeta potentials of CuHCF nanoparticles

Nanoparticles Zeta potential/mV

CuHCF(S) ¹39.70
CuHCF(¹) ¹46.56
CuHCF(+) ¹27.48

300nm

300nm

300nm

500nm

500nm

500nm

CuHCF
ITO
Glass

CuHCF(S)

CuHCF(-)

CuHCF(+)

Figure 4. FE-SEM images of CuHCF thin films. Left:
surface, right: cross-section.
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Figure 5. Cyclic voltammogram of each CuHCF film
electrodes (Scan rate: 5mV s¹1).
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thin film exhibiting high-quality electrochemical reactions, and
with high yield. Because the CuHCF(S) were just supernatant,
we can use only the small part of CuHCF(0) for thin film
preparation. Besides by the sequential structural control, all of
the synthesized CuHCF can be utilized for the thin film.

Electrochromic Properties. Finally we demonstrated the
electrochromic properties of all the CuHCF films. The oxidized
and reduced states of the CuHCF films show absorbance peak
around 400 and 500 nm, respectively as shown in Figure 6. The
changes of these absorbance peak changes, shown in Table 3,
correspond to the variation of the chemical composition. The
ratio ¦A400nm/¦A500nm is almost the same between CuHCF(S)
and CuHCF(+), indicating that the sequential structural control
well reproduced the initial electrochromic properties.

Conclusion

In conclusion, we demonstrated the sequential structural
control of the open-framework Prussian blue-type nanoparti-
cles, CuHCF, by the ion-capture processes both in the disper-
sion phase and in the thin film. The Fe/Cu ratio in the chemi-
cal composition can reversibly be varied between 0.68 and
0.99, providing control of the dispersibility. The process also
results in excellent electrochemical reactions without any side
reactions. This approach will contribute to the preparation of
electrochemical electrodes of open-framework nanoparticles
for secondary batteries, electrochromic devices and biosensors.

Some data of this work were obtained utilizing the Nano-
Processing Facility, supported by IBEC Innovation platform,
AIST.
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