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Abstract A copper hexacyanoferrate film was obtained
on a modified electrode prepared by self-assembly of
3-mercaptopropyltrimethoxysilane on a gold surface. The
film thickness was controlled using a layer-by-layer
technique to tune the electrocatalytic properties of the
electrode. Two electrodes with different hexacyanoferrate
film thicknesses were prepared via three immersions (AuS/
CuHCF3) and six immersions (AuS/CuHCF6) of the film
in the precursor solutions. Cyclic voltammetry data were
obtained to determine the adequate film thickness. Scan-
ning electron microscopy images showed a roughness
increase due to the growth of the film thickness at the
electrode surface. Electrochemical impedance spectroscopy
showed distinct behavior for the two electrodes prepared;
while diffusion and charge transfer processes can be
observed in both electrodes, an additional capacitive
process at intermediary frequencies was observed for the
AuS/CuHCF6 electrode. The charge transfer resistance (Rct)
for the AuS/CuHCF3 electrode (19.6 Ω cm2) was lower
than for AuS/CuHCF6 (27.9 Ω cm2) due to the hexacya-
noferrate film thickness, since the charge transfer process
demands the simultaneous diffusion of K+ into the surface.
Cyclic voltammetry was used to evaluate the application of

the AuS/CuHCF3 electrode as an electrochemical sensor,
revealing a linear correlation for hydrazine concentrations.
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Introduction

In recent years, an increasing interest in producing
interfaces with well-defined composition, structure, orien-
tation, thickness, and chemical functionality has been
observed. Specific modification of surfaces is a major
challenge in the preparation of function-oriented materials.
Of the various procedures employed to obtain these types
of materials, the layer-by-layer method has been most
often used to prepare different types of self-organized
systems [1–4].

The literature reports that gold interacts strongly with
sulfur, forming a stable bond between the two species; as a
consequence, a simple surface modification can be
achieved. The alkoxy silane molecular layers have a
significant advantage over other types of silanes due to
the possibility of acting as a bifunctional group. The
formation of self-assembled layers of mercaptopropyltrime-
thoxysilane on gold increases the electrode-film adhesion
via thiol group interaction on both substrate and film. To
obtain a tridimensional network on the surface electrode,
the sol–gel method starting from a solution where hydro-
lysis is carried out under optimal conditions and conden-
sation occurs very slowly, is an interesting approach. In
these conditions, sulfur bonds with gold at the surface
electrode and the self-condensation of Si–OH groups form
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the network. The gold is covered by the siloxane framework
and presents free SH groups at the new electrode surface. The
self-assembly of different electroactive layers on a substrate
can be used to tune the electrocatalytic properties of the
electrode [5–7].

Anionic electroactive complexes, especially Prussian
blue analogs, have been extensively studied due their
interesting electrocatalytic, electrochromic, ion exchange,
ion sensing, and photomagnetic properties. Hexacyanofer-
rate ion is a chemical species known to have electron
mediator properties and can be adsorbed on the surface of a
solid by a simple ion exchange reaction to obtain a
chemically modified electrode. A wide range of substrates
were used to obtain this type of electrode including gold,
platinum, glassy carbon, ceramic carbon, and fiber carbon.
These compounds are usually prepared by chemical and
electrochemical methods [8–11].

Many reports in the literature describe the oxidation
process of hydrazine due to high interest in the chemical
and pharmaceutical industries. This substance is used in
many fields, for example in agriculture, as a pesticide, as a
pharmaceutical intermediate, water treatment, corrosion
protection, textile dyes, and fuel cells. As a consequence,
recent activities have been directed towards the develop-
ment of sensitive and selective analytical methods for the
determination of hydrazine [12–14].

In this work, the experimental procedures for the
preparation and characterization of a copper hexacyano-
ferrate film on a modified electrode prepared by the
self-assembly of a 3-mercaptopropyltrimethoxysilane on
gold surface are reported. The sol–gel processing method
was used to prepare the mercaptopropyl-modified
electrode, as described for similar systems [15–18]. The
copper hexacyanoferrate (CuHCF) film thickness was
carefully controlled using a layer-by-layer technique to
achieve an ideal film distribution on the surface and, thus,
more efficient mass transport on the electrode [19–21].
The electrochemical response of the copper hexacyano-
ferrate film and its thickness on the substrate surface were
investigated by cyclic voltammetry. The film morphology
at the electrode surface was studied by scanning electron
microscopy. Electrochemical impedance spectroscopy was
used to determine the value of the charge transfer
resistance.

Experimental

Preparation of mercaptopropyl modified gold electrode

The Au working electrode was polished with alumina slurry
and sonicated in water/ethanol (1:1 v/v) for 15 min. The
polished Au electrode was then electrochemically cleaned by

cycling the potential between 0.2 and 1.5 V in 0.05 mol L−1

H2SO4 at a scan rate of 0.1 V s−1 for 10 min to obtain a
cyclic voltammogram characteristic of a clean Au electrode.

The sol–gel network was prepared using a 20 mmol L−1

3-mercaptopropyltrimethoxysilane (Acros Organics) ethanolic
solution at a pH adjusted to 3.0 with HCl. The cleaned Au
electrode was modified by immersion in this solution for
30 min. The resulting modified Au electrode was then
thoroughly washed with water to remove any residue.

Preparation of copper hexacyanoferrate film on modified
gold electrode

To control the thickness of the copper hexacyanoferrate film,
the obtained 3-mercaptopropyltrimethoxysilane modified
gold electrode (AuS) was immersed in a 20 mmol L−1 copper
chloride aqueous solution and then washed with water to
remove the physically adsorbed metal ions. The electrode
was then put into contact with a 20 mmol L−1 potassium
hexacyanoferrate aqueous solution to form a film of copper
hexacyanoferrate complex (K4-2nCun[Fe(CN)6]) on the
surface, hereafter designated as AuS/CuHFC. The effect of
the number of immersions in copper and hexacyanoferrate ion
were studied from one to six immersions. For the preparations
with three and six immersions, the contact time of the
electrode with the copper and iron solutions was varied from
5, 10, 20, and 30 min. With the preparation conditions
established, the prepared electrodes with three and six
immersions for 20 min each were used for the electrochemical
studies and, hereafter, designated as AuS/CuHCF3 and AuS/
CuHCF6, respectively.

Scanning electron microscopy

The AuS/CuHCF3 and AuS/CuHCF6 modified electrodes
prepared on gold wires were fixed onto an aluminum support
with double-sided tape and coated with a layer of Au (ca.
15 nm) by a BalTec SCD 050 Sputter Coater apparatus
(60 mA current for 60 s). Scanning electron microscopy
(SEM) analyses were carried out on a JSM 5900LV
low-vacuum microscope operating at an accelerating voltage
of 25 kV while utilizing the secondary electron detector.

Electrochemical study

Electrochemical studies were carried out using cyclic
voltammetry and electrochemical impedance spectroscopy
(EIS) techniques. A three-electrode system consisting of the
modified gold working electrode, a saturated calomel
reference electrode, and a platinum wire counter electrode
was utilized. Impedance experiments were carried out
with a frequency range between 100 kHz and 10 mHz
and a 10 mV amplitude sinusoidal voltage. The supporting
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electrolyte solution for the experiments was 0.10 mol L−1

KNO3. All measurements were taken with an Autolab
PGSTAT 30 potentiostat–galvanostat apparatus.

Results and discussion

Electrochemical electrode characterization

The modified gold electrode coating was prepared via the
self-assembly and condensation of a (CH3O)3Si(CH2)3SH
precursor in the presence of water and hydrochloric acid as
the condensation catalysts. The copper hexacyanoferrate
film was prepared with consecutive immersions in the
solutions of the complex components. Solid metal
hexacyanometalates are very useful as ion-selective materials,
as the redox reactions of lattice metal ions are accompanied by
a reversible exchange of cations between the electrolyte
solution and interstitial holes of the solid compound. Figure 1
shows a schematic representation of the idealized cubic
structure for the first layer [22]. The hexacyanoferrate (II) ion
is attached to the electrode surface by a well described
covalent interaction between the metal and the free SH
groups at the siloxane network [1, 5, 10].

Figure 2 shows the cyclic voltammograms of the AuS/
CuHCF modified gold electrode in 0.10 mol L−1 KNO3

solution at a scan rate of 50 mV s−1. The results showed the
iron oxidation peak at approximately 0.67 V and the
respective reduction peak at 0.62 V. The current density
reveals a direct relation with the number of immersions as
expected, indicating an increase of the copper hexacyano-
ferrate film thickness after each immersion. The redox
process at 0.90 V can be attributed to the reduction of free

hexacyanoferrate ion, which remains at the surface after
washing the electrode [23].

To control the copper hexacyanoferrate film thickness,
the immersion time was studied with two different numbers
of immersions at the same conditions. The results are
presented in Fig. 3. Current density shows a proportional
increase with immersion time. Considering the maximum
density current at the iron oxidation peak, the hexacyano-
ferrate film thickness was calculated for the conditions used
in the experiment [15, 24], and the results are presented in
Table 1. For the AuS/CuHCF3 electrode, the thickness
increase occurs mainly at 20 minutes of immersion time,
while for the AuS/CuHCF6 electrode the increase occurs at
10 min of immersion time. The time of 20 minutes was
chosen because the intention is to achieve the best
condition between a lower thickness and good surface
recovery. In addition, the thickness difference between the
AuS/CuHCF3 and AuS/CuHCF6 at this time is higher for
30 min, which allows a better situation to study the thickness
influence on diffusion process and electron transfer. The
electrode which was immersed three times presented an
adequate thickness, as there was no saturation of the electrode
surface, allowing for a more efficient mass transport into the
film. The prepared electrodes had long-term stability, as there
was no change in the current density after ten to 50 cycles.

Cyclic voltammograms using different supporting
electrolytes were obtained to determine the formation of
the copper hexacyanoferrate film at the electrode surface.
The literature reports on the solution cation effect on the
electrochemical behavior of electrodes with hexacyanofer-
rate films [15, 25]. The cation diffuses into the film to
maintain system electroneutrality. When a cation with a
high hydrated radius is present in the solution, the
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voltammogram presents broader iron oxidation-reduction
peaks. This can be explained by a lower diffusion velocity
of the supporting electrolyte cation into the CuHCF film
and the incorporation of cation into the hexacyanoferrate
film, resulting in a mixture of complex with different
stoichiometric. This leads to different iron oxidation-
reduction potentials and the subsequent overlapping of the
reactions. The redox reaction at the electrode surface is

complex and involve the mixture of two compounds,
Cu2[Fe(CN)6] / K2Cu[Fe(CN)6], which can be represented
by K2Cu3[Fe

II(CN)6]2. An overall representation can be
written as follows [26]:

K2Cu3 FeII CNð Þ6
� �

2 Ð Cu3 FeIII CNð Þ6
�� �

2 þ 2Kþ þ 2e�

ð1Þ
The cyclic voltammograms for AuS/CuHCF3 and AuS/

CuHCF6 obtained with different supporting electrolytes in
the solution are presented in Fig. 4. The result shows
characteristic electrochemical behavior as described for
similar systems, with a broader oxidation-reduction peak
and a change of the peak potentials for the electrode with a
thicker hexacyanoferrate film (AuS/CuHCF6) [12].
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Fig. 3 Cyclic voltammograms of modified electrode for a AuS/
CuHCF3 and b AuS/CuHCF6 with 0.10 mol L−1 KNO3 support
electrolyte. Scan rate was 50 mV s−1. Under different immersion time:
1 5 min, 2 10 min, 3 20 min, and 4 30 min

Table 1 Thickness film data for the AuS/CuHCF modified electrodes

Film thickness/nm

Time in minutes AuS/CuHCF3 AuS/CuHCF6

5 2.9 7.4

10 4.7 10.4

20 5.6 10.8

30 8.3 11.5
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Fig. 2 Cyclic voltammograms of modified gold electrode AuS/
CuHCF, in 0.10 mol L−1 KNO3 solution, with a scan rate of
50 mV s−1. a clean gold electrode and b first, c second, d third, e
fourth, f fifth, and g sixth immersions. Immersion time: 20 min
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Fig. 4 Cyclic voltammograms of AuS-CuHCFe modified electrode in
a solution of 0.10 mol L−1 containing K+; Na+, or Li+ (nitrates), for a
AuS/CuHCF3 and b AuS/CuHCF6. Scan rate was 50 mV s−1
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Copper hexacyanoferrate film on AuS/CuHCF electrode
surface

Images obtained by scanning electron microscopy of the
electrode surface are presented in Fig. 5. A roughness increase
at the electrode surface owing to surface modification of the
gold electrode with the mercaptopropyl sol–gel network can
be observed (Figs. 5a and b). Figure 5c presents a different
morphology at the surface when compared with 5b; this can be
attributed to copper hexacyanoferrate film formation. With the
magnification used, a surface roughness increase is observed
when comparing AuS/CuHCF3 (Fig. 5c) with AuS/CuHCF6
(Fig. 5d), owing to the copper hexacyanoferrate film growth
at the electrode surface [15].

Electrochemical studies

Figure 6 shows the cyclic voltammetry curves for AuS/
CuHCF3 (taken as a representative sample) sweeping the
potential between 0.0 and 1.0 V with a scan rate between 20
and 500 mV s−1. Awell-defined redox couple with mid-point
potential Em=0.64 V (Em=(Epa+Epc)/2, where, Epa and Epc

are the anodic and cathodic peak potentials, respectively)
was observed at 20 mV s−1 in 0.1 mol L−1 KNO3 solution as
the supporting electrolyte. With the scan rate increment, the
difference potential between the oxidation and reduction pick
increased, indicating a quasi-reversible system. A linear
relationship between the current density and the square root
of the scan rate was observed for AuS/CuHCF3, indicating a

high dependence on counter-ion diffusion at the surface
electrode. The electrochemical behavior presented is typical
for electrodes with Prussian blue analogs, and the
Em observed is very similar to those found for copper
hexacyanoferrate immobilized on different substrate surfaces
[27, 28]. The cyclic voltammograms with an increase of the
potential scan rate for the AuS/CuHCF6 electrode presented
the same behavior described for AuS/CuHCF3.

To determine the conducting character of the material,
i.e., the capacitive and diffusion processes that occur on the
surface of the material, EIS measurements were obtained.
Figure 7 shows the complex plane impedance plots for
AuS/CuHCF6 at (a) OCP potential and (b) iron oxidation
potential (0.674 V). The results given in Fig. 7a present a
capacitive behavior for all frequency ranges, which is
characteristic for systems in chemical equilibrium. Different
processes can be observed for measurements obtained at the
iron oxidation potential (Fig. 7b). At higher frequency values,
electron transfer from iron in the hexacyanoferrate film
occurs. A capacitive process can be observed at intermediary
frequencies, and the behavior at low frequencies can be
attributed to the K+ diffusion process into the film to
maintain electroneutrality of the system [8, 29].

Figure 8 presents the complex plane impedance plot for
the AuS/CuHCF3 and AuS/CuHCF6 electrodes. The results
obtained show a strong dependence of the charge transfer
process on the thickness of the hexacyanoferrate film on the
electrode surface. For AuS/CuHCF3, only the diffusion and
charge transfer processes can be observed; however, for AuS/

a b

c d

Fig. 5 Images obtained by
SEM of a Au, b AuS, c AuS/
CuHCF3, and d AuS/CuHCF6.
Immersion time: 10 min
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CuHCF6 an additional capacitive process at intermediary
frequencies can be observed. [30]

The electron transfer resistance was determined from the
intersection of the semicircle, which can be related to iron
oxidation and reduction. The values of electrolyte, polarization
and charge transfer resistance obtained for the AuS/CuHCF3
and AuS/CuHCF6 are presented in Table 2.

The small difference in the Rs values obtained for the
prepared electrodes can be attributed to the electrochemical
cell arrangement. The Rct value determined for the AuS/
CuHCF6 electrode was higher than that obtained for the
AuS/CuHCF3 electrode. This can be attributed to the
hexacyanoferrate film thickness on the electrode surface,
since the charge transfer process demands the simulta-
neous diffusion of K+ into the surface. With these results,
it can be concluded that the AuS/CuHCF3 electrode
presents the best properties for electrocatalytic studies,
since the Rct is lower than for the AuS/CuHCF6 electrode
and diffusion of counter-ions into the hexacyanoferrate
film is faster.

Electrocatalytic oxidation of hydrazine

To evaluate the potential use of the material as an
electrochemical sensor, the electrocatalytic oxidation of

hydrazine was studied. Figure 9 shows the cyclic voltam-
mograms obtained using (a) Au electrode, (b) AuS
electrode, and (c) AuS/CuHCF3 modified electrode in the
presence of hydrazine at a concentration of 12.9×
10−2 mol L−1. The clean Au electrode reveals a peak
associated with hydrazine oxidation. There are no electron
transfers after the electrode has been modified with the
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mercaptopropyl film. An increase of the anodic current
density of 0.6 mA cm−2 at ~0.7 V was observed for the
AuS/CuHCF3 electrode. The cyclic voltammogram (9c) do
not show the iron reduction peak because the hydrazine
present in solution diffuses toward the electrode and
reduces the iron (III) produced electrochemically. An
increase of current density on oxidation peak can be
observed during the anodic sweep, indicating that the
immobilized copper hexacyanoferrate film promotes a
higher electrocatalysis rate for hydrazine oxidation at the
electrode surface [31].

Figure 10a shows the cyclic voltammograms obtained
by cycling the potential between 0.0 and 1.0 V in
different concentrations of hydrazine. The peak current
density around 0.70 V, which increases with successive
hydrazine additions, can be assigned to the hydrazine
electrooxidation process at the solid–solution interface. A
linear correlation for hydrazine concentrations between
1.48×10−4 and 1.29×10−3 mol L−1 is observed with a
correlation coefficient of 0.9960. The detection limit has
been obtained from three times the standard deviation of
the blank per the slope of calibration curve [32]. The value
was 7.4×10−4 mol L−1, a good sensitivity when compared
to similar systems [29].

Conclusion

A simple surface modification was achieved with the
self-assembly of silane at the gold electrode surface. The
methodology of producing this electrode is very simple and
reproducible. The immersion of AuS into the reagent solutions
resulted in a well-structured copper hexacyanoferrate film on
the electrode surface, as indicated by cyclic voltammetry
studies. The complex is not leached from the matrix surface
when immersed in electrolyte solutions and submitted to
electrochemical studies, probably due to the strong bond
between the metal and sulfur.

The EIS results showed that the copper hexacyanoferrate
film thickness was successfully tuned to obtain an
optimized condition for electron transfer, since they
indicated that the oxidation/reduction reaction process in
the AuS/CuHCF3 system occurred with a lower charge
transfer resistance than for the AuS/CuHCF6 electrode.
Considering the high stability of the material, the system
may be useful in the electroanalytical determination of
hydrazine.
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