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a b s t r a c t

This work presents a photoinducedly electrochemical preparation of Prussian blue from a single sodium
nitroprusside and insertion of cetyltrimethylammonium cations into Prussian blue as counter ions. The
product of photoinducedly electrochemical reactions has a couple of voltammetric peaks at E◦ = 0.266 V
in 0.2 mol l−1 KCl solution, the measurements of X-ray powder diffraction and FT-IR spectroscopy
show that it is Prussian blue (PB). The formation mechanism of a pre-photochemical reaction and
subsequent electrochemical reaction is suggested. The cyclic voltammetric treatment of the freshly as-
prepared PB film in 1.0 mmol l−1 cetyltrimethylammonium (CTA) bromide solution leads to the insertion
of cetyltrimethylammonium cations into the channels of Prussian blue, which substitutes for potas-
sium ions as counter ions in Prussian blue. The Prussian blue containing CTA counter ions shows two
couples of voltammetric peaks at E◦ = −0.106 V and E◦ = 0.249 V in 0.2 mol l−1 KCl solution contain-
ing 1.0 mmol l−1 cetyltrimethylammonium bromide. Compared with the electrochemical behaviors of
KFeFe(CN)6 in 0.1 mol l−1 KOH alkali solution, CTAFeFe(CN)6 shows relatively durable voltammetric cur-

rents due to the hydrophobic effects of cetyltrimethylammonium. The diffusion coefficients for CTA and
potassium cations were estimated to be DCTA 1.25 × 10−12 cm2 s−1, DK 2.59 × 10−12 cm2 s−1, respectively.
The peak current of electro-catalytic oxidization on hydrogen peroxide showed a linear dependence
from 6.59 × 10−6 to 2.20 × 10−4 mol l−1 with R = 0.99947 (n = 8). The linear regression equation was Ip
(mA) = 0.82949 + 0.00594C (�mol l−1) with errors of ±7.92833 × 10−5 for the slope and ±0.01085 for the
intercept with the detection limit of 1.46 × 10−6 mol l−1. Thus, it is expected to find its application in

dium
neutral or weak alkali me

. Introduction

Prussian blue (PB) is a prototype of mixed-valence com-
ounds with composition of metal hexcayanoferrate (MHCF) or
entacyanonitrosylferrate (where the anion hexcayanoferrate is
ubstituted with pentacyanonitrosylferrate, commonly known as
itroprusside). After Neff [1] and Bocarsly [2] first reported the
lectrochemical studies on Prussian blue and metal metallocyanide
Fe(CN)6

3−, Ru(CN)6
3−, Mn(CN)6

3−, [Fe(CN)6−xLx]n−, L = H2O, NO,
istidine, 1,2-cyclohexyldiamine), respectively, these species have

risen considerable interests due to their attractive properties such
s electrocatalysis [3–8], electrochromism [9–12], ion-exchange
13–17], photomagnetism [18,19], photoelectrochemical switch
ffect [20] and magnetoresistance effect [21]. On the basis of

∗ Corresponding author. Fax: +86 512 69209055.
E-mail address: shouqing liu@hotmail.com (S.-Q. Liu).

013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.02.012
for biosensors.
© 2011 Elsevier Ltd. All rights reserved.

these properties, some biosensors [22–29], electrochromic devices
[30–32], ion-sensing [33–37], and optical sensing devices [38,39]
were developed. Especially, Prussian blue is often used as an arti-
ficial enzyme for the fabrication of biosensors due to its response
to hydrogen peroxide released from the reaction of glucose with
dioxygen in the presence of glucose oxidase under low potential
conditions. This low potential could limit effectively the inter-
ference from the coexisting substances [25] such as dopamine,
ascorbic acid and uric acid because these substances are easily oxi-
dized at high potentials. Unfortunately, Prussian blue is unstable
at pH > 5.0 solutions [40,41] whereas the pH value of human blood
is 7.2–7.4. And Prussian blue can be dissolved during the voltam-
metric cycles even in neutral aqueous solutions [42] due to its high

sensitivity to hydroxy, which decreases the lifetime of biosensors.
Therefore, it is necessary to extend the pH range of Prussian blue
and improve its stability for preparing biosensors.

The recent studies demonstrated that surfactant treatment of
metal hexacyanoferrate compounds is very effective in improv-

dx.doi.org/10.1016/j.electacta.2011.02.012
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:shouqing_liu@hotmail.com
dx.doi.org/10.1016/j.electacta.2011.02.012
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ng their electrochemical stability. Vittal and coworkers first
esearched the influence of cetyltrimethylammonium bromide
CTAB, cetyltrimethylammonium cation was denoted as CTA), a
ationic surfactant often used in electrochemistry, on the elec-
rochemical behaviors of Prussian blue [43–45]. And thereafter a
ew papers presented the influence of CTAB, polyvinyl alcohol,
olyvinyl pyrrolidone, polyallylamine hydrochloride, polydiallyl-
imethyldiammonium chloride and polystyrene sulfonate on the
tability of PB and its analogues nickel or cobalt hexacyanoferrate
46–49]. Polyelectrolyte semiconductor nanoparticle composite
lms were prepared successfully by layer-layer self-assembly
ethod for improving stability [50]. However, less well known

s how surfactant enhances the electrochemical stability of MHCF
lms, whether surfactant enters into the channel of the metal hex-
cyanoferrate compounds, and how much the content of surfactant
n the metal hexacyanoferrate compounds is (if CTA in the films). A
oint of view is accepted commonly that the structure of MHCF can
ffect the electrochemical behavior and stability, thus it is expected
o obtain the structural information on surfactant improving the PB
tability.

Previously, we reported the electrochemical behaviors of nano-
ized Prussian blue [51], LaHCF [52], and ZrHCF [53]. In the present
ork, we focus on a new preparation method of PB film on a

heet of indium tin oxide (ITO) transparent conductive glass by
oltammetric sweeps in a single nitroprusside solution under white
ight irradiation. It is expected to be helpful to understand the
nhanced stability of PB film after being treated electrochemically
n CTAB solution. In order to realize the goal, an as-prepared PB film

as scanned electrochemically in an aqueous CTAB solution and
he film was characterized by cyclic voltammetry, Fourier trans-
orm infrared spectroscopy (FT-IR), X-ray powder diffraction (XRD)

easurements, scanning electronic microscopy (SEM) and trans-
ission electron microscope (TEM).

. Experimental

.1. Materials

The chemicals, KCl, K3Fe(CN)6 and (NH4)2Fe(SO4)2 (purchased
rom Beijing Chemical Reagent Factory, China), are of analytical
eagent grade and used as received. The content of sodium nitro-
russide (purchased from Guangzhou Chemical Reagent Factory,
hina) is more than 98.00%. The purity of cetyltrimethylammonium
romide (purchased from Shanghai Linfeng Chemical Reagent Co.,
td., China), is more than 99.9%. The water used in experiments
as purified with a Milli-Q system with a resistivity higher than

8.2 M� cm. All solutions were prepared with the deionized water.

.2. Apparatus

Cyclic voltammetry was performed using a CHI660C electro-
hemical workstation (CH Instrument Company, TX, USA). The
lectrochemical experiments were conducted in a conventional
hree-electrode system. An ITO conductive glass sheet electrode
as used as working electrode with resistance 11.4 �/sq. The ITO

lass was tailored into a square with 1.0 cm wide and 2.0 cm long,
nd the square ITO glass was wrapped with a piece of insulation
ape to obtain an unchanged working area of 1.0 cm × 1.0 cm. Thus,
he interface between ITO electrode and solution is always equal
o 1.0 cm2 in our experiments. A platinum foil was used as counter

lectrode and a saturated calomel electrode (SCE) as reference elec-
rode. The photoelectrochemical cell is a 4 cm × 4 cm × 5 cm quartz
ne and illuminated with a beam of light from 350 W Xe lamp, the
iameter for the beam of light is round 2 cm. A water filter of 4 cm

ength was placed between the light source and the three electrode
cta 56 (2011) 4007–4014

cell to adsorb infrared irradiation and keep the cell temperature
constant. All the experiments were performed under room temper-
ature (25 ± 2 ◦C). The diffraction powder patterns were measured
with X’Pert-Pro MPD X-ray diffractometer, Panalytical, Netherland.
The source of X-ray is Cu-K with wavelength 0.154 nm at tube volt-
age 40 kV and tube current 40 mA. The X-ray was filtered with
nickel monochromator. The diffraction patterns measured were
compared with standard data in the database offered by Panalytical
Company, Netherland. The morphological observation was carried
out with transmission electron microscope (TecnaiG220, FEI, USA)
and scanning electronic microscopy (Quanta 400 FEG, FEI, USA).

The FT-IR spectra were measured with FT-IR spectrophotome-
ter (Spectrum BX, PerkinElmer Ltd., USA). The optical resolution
was 4 cm−1. The samples of Prussian blue synthesized by electro-
chemistry were scraped off from ITO glass with a scalpel after the
electrodes were rinsed with deionic water and dried for XRD, IR,
SEM measurements. The mulls of Prussian blue synthesized elec-
trochemically and chemically were supported by KBr.

2.3. Preparation of Prussian blue film

Prussian blue film was prepared as follows: a fresh ITO glass
electrode was tailored by the method mentioned according to the
desired size, and was washed with deionized water first. And then,
it was cleaned with alcohol in an ultrasonic cleaner for 15 min.
Finally, it was rinsed thoroughly with deionized water again. If
necessary, the above pre-treatment for ITO electrode could be
repeated until a clean ITO electrode was obtained. Such an ITO
electrode was immersed in a single sodium nitroprusside solution
for electrochemical preparation of Prussian blue film under irra-
diation. The concentration of sodium nitroprusside solution was
1.0 × 10−2 mol l−1 with 0.20 mol l−1 KCl supporting electrolyte.

A freshly as-prepared PB film was scanned immediately in
1.0 mmol l−1 CTAB solution to characterize the influence of CTAB on
PB film. The lights of wavelength 380 nm and 460 nm were obtained
by a 380-cutoff filter that allows the light with the wavelength
� > 380 nm to pass, and a 460-cutoff filter that allows the light with
the wavelength � > 460 nm to pass, respectively.

3. Results and discussion

3.1. Photoinducedly electrochemical preparation

A clean ITO electrode was immersed in a 1.0 × 10−2 mol l−1

nitroprusside solution containing 0.20 mol l−1 KCl pH 6.50 support-
ing electrolyte, then cyclic voltammetric sweeps were performed
between −0.40 V and 0.60 V at a scan rate of 50.0 mV s−1, the result-
ing cyclic voltammograms under irradiation were very different
from those in dark as denoted in Fig. 1. Under illumination the
voltammetric peak currents increased gradually with cyclic time
whereas the voltammetric ones kept almost unchanged in the same
solution in dark, suggesting the illumination induces the electro-
chemical reaction.

That the current increased gradually but not immediately under
illumination means the current is electrochemical reaction cur-
rent but is not photocurrent. The resulting film under illumination
is blue seen with naked eyes, the cyclic voltammograms of the
blue film electrode in 0.2 mol l−1 KCl supporting electrolyte were
shown in Fig. 2. From the Figure a couple of voltammetric peaks
can been seen with an anodic peak potential at 0.300 V versus SCE

and a cathodic peak potential at 0.232 V versus SCE (the formal
redox potential E◦ = (Epa + Epc)/2 = 0.266 V), the potential difference
of peak to peak is 68.0 mV (similar to one [45] reported by Pillai
where the potential difference for Prussian blue is 80 mV), show-
ing a non-surface control kinetic characteristics. Further studies
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Fig. 3. Cyclic voltammograms of the as-prepared PB film in 0.20 mol l−1 KCl solution
for 20 cycles. The scan rate: 50 mV s−1; potential range: −0.40 V to +0.60 V versus
SCE.
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ig. 1. Cyclic voltammograms of an ITO electrode in a single 1.0 × 10−2 mol l−1 nitro-
russide solution containing 0.20 mol l−1 KCl supporting electrolyte at a scan rate of
0 mV s−1 for 20 cycles: (A) under irradiation and (B) in dark.

howed the blue film can be also obtained by cyclic voltamme-
ry in nitroprusside solution after the solution was illuminated for
5 min. In this case the peak potentials of the resulting film for
he anode and the cathode were the exact same as those under
n situ illumination, suggesting the product in both cases is the
ame. However, the currents of voltammetric peaks cannot be
btained if a clean ITO electrode was scanned in a fresh nitroprus-
ide solution without illumination. Moreover, the peak currents
ncrease with the scanning cycles under irradiation of light with

avelength 380 nm whereas the currents kept almost unchanged
nder irradiation of light with wavelength 460 nm (see supporting
aterials). Thus, [Fe(CN)5H2O]2−, an intermediate, was formed

nder irradiation of light with wavelength 360 nm [54], and it
ight be transferred further to Prussian blue during the potential

weep.

.2. Stability of PB film in KCl solution

To examine the stability of the freshly prepared blue film,
he electrode was scanned continuously for 20 cycles (Fig. 3) in
.20 mol l−1 pH 6.50 KCl solution. The results showed that the peak
urrent declined by 87.5% for the anodic peak, 86.1% for the cathodic
eak, which indicates the PB film is not very stable in the nearly
eutral medium. Therefore, the stability needs to improve.
.3. Electrochemical treatment in CTAB solution

In order to improve the stability of the film, the as-prepared PB
lm on ITO electrode was immersed in 1.0 mmol l−1 CTAB solution
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ig. 2. Cyclic voltammograms of the as-prepared electrode formed under illumi-
ation in 0.2 mol l−1 KCl supporting electrolyte. The scan rate was 50 mV s−1, the
otential range was from −0.40 V to 0.60 V.
Fig. 4. Cyclic voltammograms of the as-prepared PB film on ITO electrode in
1.0 mmol l−1 CTAB solution containing 0.2 mol l−1 KCl supporting electrolyte. The
scan rate was 50 mV s−1, the potential range was from −0.40 V to 0.60 V.

containing 0.2 mol l−1 KCl electrolyte for 20 voltammetric cycles.
The obtained voltammograms for 20 cycles were shown in Fig. 4.

Fig. 4 shows the currents declined at the couple of peaks A0 and
C0 during the first 10 cycles, and then peak C0 started to become
bigger and bigger at the eleventh cycle. At the fifth cycle the cou-
ple of peaks A1 and C1 appeared obviously, and subsequently the
couple of peaks became smaller and smaller or even disappeared.
At the tenth cycle a new couple of peaks A2 and C2 started to

appear, the couple of peaks A2 and C2 became stable and increased
gradually during the sequential cycles. At the end two couples
of voltammetric peaks appeared as shown in Fig. 5. For one cou-
ple of cyclic voltammetric peaks, the potential of anodic peak is
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Fig. 5. Cyclic voltammetric curves of CTA-PB film on ITO electrode in 0.2 mol l−1

KCl solution. The scan rate was 50 mV s−1, the potential range was from −0.40 V to
0.60 V.
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Table 1
Current data of PB film.

Current PB filma PB filmb CTA-PB filmc

Ipa (�A) 165.7 22.2 97.6
Ipc (�A) −157.6 −20.5 −153.6

a PB film: currents of the freshly prepared PB film in 0.2 mol l−1 KCl solution.
b −1
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PB film: currents after cyclic voltammetry in 0.2 mol l KCl solution for 20

ycles.
c CTA-PB film: sum of two peak currents after cyclic voltammetry in 0.2 mol l−1

Cl + 1.0 mmol l−1 CTAB solution for 20 cycles.

0.047 V and potential of cathodic peak is −0.165 V, the formal
edox potential E◦ = −0.106 V in 0.2 mol l−1 KCl solution contain-
ng 1.0 mmol l−1 CTAB, the potential difference of peak to peak
s 0.118 V. For the other couple of cyclic voltammetric peaks, the
otentials of anodic and cathodic peaks are 0.318 V and 0.180 V,
espectively, the formal redox potential E◦ = 0.249 V in 0.2 mol l−1

Cl solution containing 1.0 mmol l−1 CTAB, the potential difference
f peak to peak is 0.138 V.

Compared with that in 0.2 mol l−1 KCl solution (Fig. 3), the sta-
ility of the film in 1.0 mmol l−1 CTA solution was improved greatly.
he current data of a freshly prepared PB film electrode, ones after
t was scanned in 0.20 mol l−1 KCl solution, and in 1.0 mmol l−1

TAB + 0.20 mol l−1 KCl solution for 20 cycles, were listed in Table 1
the PB that was treated electrochemically in CTAB aqueous solu-
ion was denoted as CTA-PB).

Data in Table 1 show without doubt the CTA-PB film electrode
s more stable than the freshly Prussian blue.

.4. FT-IR characterization

.4.1. Studies on IR spectra of synthesized PB and
lectro-synthesized PB

In order to identify the composition of the blue film, FT-IR
pectra of the species from both chemically and photoinducedly
lectrochemical syntheses were measured. The resulting spectra
re similar to each other as shown in Fig. 6 and displayed the unique
haracteristic peak of Prussian blue. The absorption at 2076 cm−1

s assigned to T1u CN stretching vibration, 598 cm−1 and 498 cm−1

ssigned to metal–carbon–nitrogen bending mode [9]. The absorp-
ions at 3430 cm−1 and 1631 cm−1 assigned to the stretching and
ending modes of interstitial water in PB lattice channel, respec-
ively.

The absorptions at 2363 cm−1, 1391 cm−1 and 677 cm−1 are

ssigned to the anti-symmetric stretching vibration, symmetric
tretching vibration, and bending mode of carbon dioxygen, respec-
ively. A small absorption at 1940 cm−1 indicates the presence of
oprecipitated nitroprusside ions [55], which is similar to that of
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ig. 6. FT-IR spectra for Prussian blue: (A) photoinducedly electrochemical synthesis
nd (B) chemical synthesis.
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Fig. 7. FT-IR spectra of PB film (A), CTA-PB film treated in CTAB aqueous solution
(B) and solid CTAB (C).

Prussian blue (where ferricyanide ions were coprecipitated in PB)
[9].

Because photolysis of nitroprusside in aqueous solution with
light of wavelength 340–430 nm forms [Fe(CN)5H2O]2− [54], and
the irradiation of wavelength � = 460 nm did not lead to the increase
of peak current in our diagnostic voltammetric experiment (see
supporting materials), the mechanism of the overall reactions is
suggested as follows:

Photochemical reaction : FeIII(CN)5NO− + H2O + hv

→ [FeIII(CN)5H2O]2− + NO (1)

Electrochemical reaction : 2[FeIII(CN)5H2O]2− + K+ + e−

→ K[FeIIIFeII(CN)6]·nH2O + 4CN− (2)

Here the species NO· is first released on irradiation [54–60], and
then, the “soluble” [48,49,61] Prussian blue containing potassium
ions is formed due to the presence of an excess of potassium ions
as supporting electrolyte in solution.

3.5. Studies on IR spectra of CTA-PB

To elucidate the structure and composition of the film after it
being scanned in CTAB solution, the infrared spectroscopic mea-
surements were performed, the obtained IR spectra of CTA-PB,
PB and pure CTAB were shown in Fig. 7. The two intense bands
around 2920 cm−1 and 2852 cm−1, in both CTAB and CTA-PB, were
assigned to asymmetric and symmetric stretching vibration [62]
of C–CH2 from the methylene chain, respectively. The assignments
of stretching vibrations from both CH2 in CTA and CN in PB were
listed in Table 2. The finding of the methylene chain in PB film
treated electrochemically in CTAB aqueous solution confirmed the

presence of CTA cations in the film by comparison of IR data in
Table 2. The quantitative analysis from IR spectrum of CTA-PB film
has shown that the intensity ratio of peaks �CH2 to �CN is close to
1:1, which is in agreement with that from CTAFeIIFeIII(CN)6 film
(see supporting materials), whereas the ratio in (CTA)3Fe(CN)6 is

Table 2
IR band assignments of the methylene chain CH2 stretching vibrations for CTAB and
CN stretching vibration for PB and intensity ratio.

Species CH2 stretching
vibration (cm−1)

CN stretching
vibration (cm−1)

Intensity ratio of
peak �CH2 to �CN

PB – 2076 –
CTAB 2920, 2852 – –
CTA-PB 2920, 2852 2076 1:1
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lose to 3:1. The relative ratios confirm that the molar ratio of fer-
icyanide to cetyltrimethylammonium in CTA-PB is equal to 1:1.
oreover, Fe(II), CATB and Fe(CN)6

3− were mixed to result in a
lue species, the XRD pattern of the species is consistent with that
f PB (see the next section and supporting materials). Thus, CTA
ons were inserted to Prussian blue and work as counter ions. The
lectrochemical reaction of the soluble PB in aqueous CTAB solution
an be shown as follows:

FeIIFeIII(CN)6 + CTA+ + e− → CTAKFeIIFeII(CN)6 (3)

TAKFeIIFeII(CN)6 − e− → CTAFeIIFeIII(CN)6 + K+ (4)

ATFeIIFeIII(CN)6 was formed by reactions (3) and (4).
It is reasonable that CTA cations entered into the channels of

russian blue as counter ions during the potential sweeps, because
russian blue needs chargedly positive ions to maintain the elec-
roneutrality when it is reduced to Everitt’s salt. The couple of peaks
1 and C1 in Fig. 6 could be assigned to the intermediate or tran-
ition state during the electrochemical sweeps. In the case of CTA
ations that worked as counter ions in PB film the chemical sur-
oundings of electroactive components have been changed, so a
ew couple of peaks appeared at E◦ = −0.106 V. In fact, the counter

ons in Prussian blue film have major effects on peak potentials. For
xample, the peak potentials of PB film in aqueous NaCl solution
re very different from those in KCl electrolyte [48].

.6. XRD characterization

Prussian blue was synthesized from the starting materials
oth K3Fe(CN)6 and (NH4)2Fe(SO4)2. They were mixed equiva-

ently, the classic volume of each is 30 mL in the concentration of
.0 × 10−2 mol l−1 in the presence of 0.2 mol l−1 KCl. It should be
oted that the PB synthesized chemically is under conditions in an
xcess of potassium ion, which is similar to the case of the photoin-
ucedly electrochemical synthesis of the blue film. Thus it ensures
he formation of the soluble Prussian blue containing potassium
ons [48,49].

The blue powder (A) photoinducedly electro-synthesized, Prus-
ian blue (B) synthesized chemically, and CTA-PB (C) (the synthetic
rocedure can be seen in supporting materials) were detected with
-ray powder diffraction. The resulting diffraction patterns were
hown in Fig. 8 as follows.

The XRD measurements showed these three species possess the
imilar diffraction pattern, the diffraction angle positions of 2� are
n very good agreement with data of JCPDS card of Prussian blue
s listed in Table 3. Thus, the data of XRD confirmed the product of
hotoinducedly electrochemical reaction is Prussian blue and CTA
ations were inserted into the PB channels.
.7. Film morphological observations

The morphology of the as-prepared PB sample was character-
zed by SEM. Fig. 9 shows the imagines of the as-prepared PB
articles amplified by 20000 times before (a) and after (b) it was

able 3
ata of XRD for Prussian blue.

PB 2� (◦) 17.39 24.66
d (Å) 5.09 3.61

CTA-PB 2� (◦) 17.28 24.66
d (Å) 5.13 3.61

JCPDS d (Å) 5.10 3.60
h k l 100 110
I/I1 100 32
Fig. 9. SEM patterns of the as-prepared PB samples before electrochemical treat-
ment (a), and after electrochemical treatment in 1.0 mmol l−1 CTAB solution (b).

treated electrochemically in 1.0 mmol l−1 CTAB solution. The differ-
ence between (a) and (b) in Fig. 9 is that the small convex shapes

like bean can be clearly seen from the freshly prepared PB film,
whereas they became flat after the film was scanned electrochem-
ically in CTAB solution. Compared with PB film prepared by the
traditional electrochemical method, the present PB film is more
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ig. 10. TEM imagines of PB particles before (a) and after (b) the electrochemical
reatment.

niform. The TEM observations displayed that the small convexes
re the nano-particles with the diameter of 20–30 nm as shown in
ig. 10.

.8. Electrochemical behaviors of CTA-PB film and diffusion
oefficients

The obtained CTA-film electrode was immersed in 0.2 mol l−1

Cl solution containing 1.0 mmol l−1 CTA for the electrochemical

haracterization at different scan rates, the resulting voltam-
etric curves were shown in Fig. 11. The corresponding plots

f anodic peak currents versus square roots of scan rates were
hown in Fig. 12. The figure indicates the anodic peak currents
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ig. 11. Cyclic voltammograms of CTAFeIIIFeII(CN)6 in 0.20 mol l−1 KCl solution con-
aining 1.0 mmol l−1 CTAB at different scan rates: (A) 20.0 mV s−1, (B) 50.0 mV s−1, (C)
0.0 mV s−1, (D) 100.0 mV s−1, (E) 120.0 mV s−1, (F) 150.0 mV s−1, (G) 200.0 mV s−1,
H) 250.0 mV s−1, (I) 300.0 mV s−1, (J) 350.0 mV s−1, and (K) 400.0 mV s−1, respec-
ively.
Fig. 12. Relationship between the anodic peak current and the square roots of scan
rate.

versus square roots of scan rates have a good linear relation-
ship, the linear correlation coefficient is R = 0.99938 for CTA and
R = 0.99949 for potassium, respectively, suggesting both electro-
chemical reduction processes are under diffusion control, which is
in good agreement with that of Prussian blue [9]. The concentra-
tion of PB on ITO surface was estimated to be 1.33 × 10−9 mol cm−2

based on � = Q/(nFA), where � is surface coverage in mol cm−2,
Q the total Faradaic coulumb, F Faraday constant (96,485 C), A the
electrode area (cm2). The PB concentration or thickness can be con-
trolled by scanning time or cycles. If the molar volume [63] of PB
is 677 cm3 mol−1, the concentration of electroactive component on
ITO surface was calculated to be 1.48 × 10−3 mol cm−3. Thus, the
peak height is given by the Randles–Sevcik equation [64,65]

ip = 2.69 × 105n3/2AD1/2C�1/2 (6)

where ip is the peak current in amperes, n the electron transfer
number, A the electrode area in cm2, D the diffusion coefficient
in cm2 s−1, C the concentration of the electroactive species in
mol cm−3 and � the scan rate in V s−1. On the basis of the slope
of ip versus �1/2 plot in Eq. (6) one can calculate the appar-
ent diffusion coefficient of both CTA and potassium inside the
CTA–PB film. For CTA ions, DCTA is 1.25 × 10−12 cm2 s−1 and DK is
2.59 × 10−12 cm2 s−1 for potassium ions. It is to be noted that the
D values obtained are comparable to those obtained for PB film by
other methods [66].

3.9. Stability of CTA-PB in alkali medium

The as-prepared CTAFeIIIFeII(CN)6 electrode is very stable, the
peak current can still keep even in 0.1 mol l−1 KOH electrolyte for
20 potential cycles, the current drop is only 22.5% denoted as Fig. 13.
However, the voltammetric peak current of Prussian blue (it was
prepared by popular potential sweeps between −0.2 V and 1.0 V for
5 cycles in 1.0 mmol l−1 FeCl3 + 1.0 mmol l−1 K3Fe(CN)6 containing
0.2 mol l−1 KCl solution) disappeared immediately. Therefore, CTA
ions improve greatly the stability of Prussian blue in alkali solu-
tion. The improvement is assigned to hydrophobicity from CTA
as counter ions in film. Because Prussian blue is very sensitive to
hydroxy, it will be broken down when it is in touch with OH− and
form Fe(OH)3 as follows:
KFeFe(CN)6 + 3OH− = Fe(OH)3 + Fe(CN)6
4− + K+ (7)

The hydrophobic CTA prevents PB from hydroxy and leads to
relative stable voltammetric peaks.
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.10. Electrochemical response to hydrogen peroxide

Hydrogen peroxide is one of products that dioxygen is
educed by glucose in the presence of glucose-oxidase. Thus,
he determination of the H2O2 concentration can characterize
he glucose concentration indirectly. The voltammetric response
f the CTA-PB electrode to hydrogen peroxide in pH 7.40
uffer solution is shown in Fig. 14. The results show that

he oxidization peak current increases linearly with the con-
entration of hydrogen peroxide (Fig. 15) from 6.59 × 10−6 to
.20 × 10−4 mol l−1 with R = 0.99947 (n = 8). The linear regression
quation was Ip (mA) = 0.82949 + 0.00594C (�mol l−1) with errors
f ±7.92833 × 10−5 for the slope and ±0.01085 for the intercept
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with the detection limit of 1.46 × 10−6 mol l−1. The dependence of
peak currents on the concentration of hydrogen peroxide shows
that CTA-PB may be applied in fabricating biosensors.

4. Conclusions

Prussian blue can be prepared by photoinducedly voltamme-
try from a single sodium nitroprusside. The formation mechanism
is photochemical reaction first and subsequently electrochemi-
cal reaction. The cetyltrimethylammonium cations can enter into
the channels of the Prussian blue as counter ions during voltam-
metric sweeps, as a result, CTAFeFe(CN)6 is formed. The diffusion
coefficients for CTA and potassium cations were estimated to be
DCTA 1.25 × 10−12 cm2 s−1, DK 2.59 × 10−12 cm2 s−1, respectively.
Because the peak current showed a linear dependence on hydro-
gen peroxide concentration from 6.59 × 10−6 to 2.20 × 10−4 mol l−1

with R = 0.99947, and the stability of CTAFeFe(CN)6 film improves
greatly in 0.1 mol l−1 KOH aqueous solution due to the hydrophobic
effects of cetyltrimethylammonium, it is expected to find its appli-
cation in aqueous neutral or weak alkali medium for biosensors.
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21] D. Gimenez-Romero, J.J. García-Jareňo, J. Agrisuelas, F. Vicente, J. Phys. Chem.

C 112 (2008) 20099.
22] D. Moscone, D. D’Ottavi, D. Compagnone, G. Palleschi, Anal. Chem. 73 (2001)

2529.
23] Y. Lin, K. Liu, P. Yu, L. Xiang, X. Li, L. Mao, Anal. Chem. 79 (2007) 9577.

http://dx.doi.org/10.1016/j.electacta.2011.02.012


4 ica A

[
[
[

[
[

[

[
[

[
[
[

[
[

[
[
[
[
[
[
[

[

[

[
[

[
[
[
[
[
[
[

[
[
[
[

[

[
[
[

014 S.-Q. Liu et al. / Electrochim

24] D. Zhang, K. Zhang, Y.L. Yao, X.H. Xia, H.Y. Chen, Langmuir 20 (2004) 7303.
25] W. Zhao, J.J. Xu, C.G. Shi, H.Y. Chen, Langmuir 21 (2005) 9630.
26] H. Ohnuki, T. Saiki, A. Kusakari, H. Endo, M. Ichihara, M. Izumi, Langmuir 23

(2007) 4675.
27] F. Ricci, G. Palleschi, Biosens. Bioelectron. 21 (2005) 389.
28] N.A. Pchelintsev, A. Vakurov, P.A. Millner, Sens. Actuators B-Chem. 138 (2009)

461.
29] C. Chen, Y. Fu, C. Xiang, Q. Xie, Q. Zhang, Y. Su, L. Wang, S. Yao, Biosens. Bioelec-

tron. 24 (2009) 2726.
30] L.C. Chen, K.C. Ho, Electrochim. Acta 46 (2001) 2151.
31] H. Inaba, M. Iwaku, K. Nakase, H. Yasukawa, I. Seo, N. Oyama, Electrochim. Acta

40 (1995) 227.
32] T.H. Kuo, C.Y. Hsu, K.M. Lee, K.C. Ho, Sol. Energy Mater Sol. Cells 93 (2009) 1755.
33] B.T.T. Nguyen, J.Q. Ang, C.S. Toh, Electrochem. Commun. 11 (2009) 1861.
34] N. Bagkar, C.A. Betty, P.A. Hassan, K. Kahali, J.R. Bellare, J.V. Yakhmi, Thin Solid

Films 497 (2006) 259.
35] K. Vasanthi, A.L. Xidis, V.D. Neff, Anal. Chim. Acta 239 (1990) 7.
36] C. Gabrielli, P. Hémery, P. Liatsi, M. Masure, H. Perrot, J. Electrochem. Soc. 152

(2005) H219.
37] M. Hermes, F. Scholz, J. Solid State Electrochem. 1 (1997) 21.
38] R. Koncki, O.S. Wolfbeis, Sens. Actuators B-Chem. 51 (1998) 355.
39] T. Lenarczuk, D. Wencel, S. Giab, R. Koncki, Anal. Chim. Acta 447 (2001) 23.
40] U. Scharf, E.W. Grabner, Electrochim. Acta 41 (1996) 233.

41] E. Bustons, J. Manríquez, G. Orozco, L.A. Godínez, Langmuir 21 (2005) 3013.
42] A.A. Karyakin, E.E. Karyakina, L. Gorton, Electrochem. Commun. 1 (1999) 78.
43] R. Vittal, M. Jayalakshmi, H. Gomathi, G. Prabhakara Rao, J. Electrochem. Soc.

146 (1999) 786.
44] R. Vittal, H. Gomathi, G. Prabhakara Rao, Electrochim. Acta 45 (2000)

2083.

[
[
[

[

cta 56 (2011) 4007–4014

45] S.M. Senthil Kumar, K. Chandrasekara Pillai, Electrochem. Commun. 8 (2006)
621.

46] V. Hornok, I. Dékány, J. Colloid Interface Sci. 309 (2007) 176.
47] S.M. Senthil Kumar, K. Chandrasekara Pillai, J. Electroanal. Chem. 589 (2006)

167.
48] R. Vittal, H. Gomathi, J. Phys. Chem. B 106 (2002) 10135.
49] R. Vittal, K.J. Kim, H. Gomathi, V. Yegnaraman, J. Phys. Chem. B 112 (2008) 1149.
50] N.A. Kotov, I. Dékány, J.H. Fendler, J. Phys. Chem. 99 (1995) 13065.
51] S.Q. Liu, J.J. Xu, H.Y. Chen, Electrochem. Commun. 4 (2002) 421.
52] S.Q. Liu, H.Y. Chen, J. Electroanal. Chem. 528 (2002) 190.
53] S.Q. Liu, Y. Chen, H.Y. Chen, J. Electroanal. Chem. 502 (2001) 197.
54] A.G. Sharpe, The Chemistry of Cyano Complexes of the Transition Metals, Aca-

demic Press, London, UK, 1976, Ch. VII.
55] G. Stochel, Z. Stasicka, Polyhedron 4 (1985) 1887.
56] F. Roncardoli, R. van Eldik, J.A. Olabe, Inorg. Chem. 44 (2005) 2781.
57] G. Stochel, R. van Eldik, Z. Stasicka, Inorg. Chem. 25 (1986) 3663.
58] P.C. Ford, J. Bourassa, K. Miranda, B. Lee, I. Lorkovic, S. Boggs, S. Kudo, L. Laver-

man, Coord. Chem. Rev. 171 (1998) 185.
59] K.S. Sidhu, W.R. Bansal, M. Sumanjit, J. Photochem. Photobiol. A: Chem. 65

(1992) 355.
60] M.G. de Oliveira, J. Langley, A.J. Rest, J. Chem. Soc. Dalton Trans. (1995) 2013.
61] Z. Stasicka, E. Wasielewska, Coord. Chem. Rev. 159 (1997) 271.
62] P.R. Bueno, F.F. Ferreira, D. Giménez-Romero, G.O. Setti, R.C. Faria, C. Gabrielli,
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