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Abstract In this paper, self-assembled Prussian blue na-

nocubic particles on nanoporous glassy carbon was devel-

oped. The morphology of the PBNP-modified porous glassy

carbon was characterized by scanning electron microscopy.

The PBNP-GCE-red film-modified electrode was used for

the sensitive detection of hydrogen peroxide. The electro-

chemical behavior of the resulting sensor was investigated

using cyclic voltammetry and chronoamperometry. The

value of a, kcat, and D was calculated as 0.35, 1.7 9

105 cm3 mol-1 s-1, and 2.6 9 10-5 cm2 s-1, respectively.

The calibration curve for hydrogen peroxide determination

was linear over 0–600 lM with a detection limit (S/N = 3)

of 0.51 lM.

Keywords Self-assembly � Nanoporous glassy

carbon � Prussian blue nanocubic particles � Hydrogen

peroxide � Electrochemical sensor

Introduction

In recent years, the construction and application of

modified electrodes has received much attention with a

view to the enhancement of sensitivity and selectivity for

electroanalytical techniques. The use of metal hexacy-

anoferrates (MHCF) as redox mediators in modified

electrodes has been extensively studied [1–8]. Because of

interesting electrocatalytic activity of MHCF for hydro-

gen peroxide (H2O2) such as low potentials, minimizing

the interference caused by reductant species, these

materials have been widely studied. Rapid and accurate

determination of H2O2 is of significant importance in

many fields including medicine, food industry, biology

and environmental protection [9, 10]. Various sensors

based on novel metals [11–15], conductive polymers

[16–19], and enzymes [20–25] have been reported for

fabrication of H2O2 sensor in literatures. Unlike these

sensors which show limitations such as high cost, lack of

sensitivity and susceptibility to interference by other

substances in analyte samples, sensors based on Prussian

blue (PB) have lower cost, higher selectivity, and easier

preparation [26–28]. PB can be reversibly oxidized to

Prussian yellow or reduced to Prussian white (PW) so

that it acts as an electron transfer mediator (electrocat-

alyst) for both oxidation and reduction of H2O2 [26, 29].

Therefore, the deposition of PB on an electrode surface

makes it possible to detect H2O2 at a low applied

potential; hence, it is possible to eliminate the effect of

interfering species [30, 31]. The possibility of selective

detection mediated by PB was first demonstrated by

Karyakin et al. [32]. Because of many applications of the

PB in various fields, a convenient method to immobilize

a stable and homogeneous film with controllable morphol-

ogy on electrode substrate is usually required. Various

methods have been developed for the immobilization of PB

on the electrode surface, including mechanical attachment

[33], adsorption [34], entrapping into polymeric matrices

[35], encapsulating into sol–gels [36] and electrodeposition

[37]. The most commonly used technique for PB prepara-

tion is electrodeposition; however, this technique always

produces thick and loose films with poor stability. Self-

assembly technique for fabricating film has attracted much
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interest because of its simplicity in procedure and wide

choice of materials [34, 38, 39]. To obtain uniform and

defect-free PB thin films, self-assembly process based on

multiple sequential adsorption of ferric cations and hexa-

cyanoferrate anions on a charged surface was reported [40–

43]. This preparation method for pure PB films provides a

precise control of thickness in nano scale by tuning the

number of adsorption steps.

Herein, we used a porous substrate for immobilization of

PB by self-assembly method. The results showed that a

porous film with a large effective area is produced at the

reduced glassy carbon electrode (GCE-red) surface. It

seems that the porous surface of a GCE-red is a good

medium for the self-assembling of PB. Finally, this mod-

ification procedure was utilized for construction of a H2O2

sensor.

Experimental

Reagents and apparatus

All chemicals were of analytical reagent grade and used

without further purification. Double distilled water was

used throughout. Standard working solutions of H2O2 were

prepared freshly by diluting the stock solutions double

distilled water.

Cyclic voltammetry and amperometric studies were

performed using an Autolab potentiostat–galvanostat

model PGSTAT30 (Utrecht, The Netherlands) with a

conventional three electrode set-up, in which GCE-red and

PBNP-GCE-red, an Ag|AgCl|KClsat and a platinum rod

served as the working, reference and auxiliary electrodes,

respectively. Output signal was acquired by Autolab Nova

software. Scanning electron microscopy (SEM) was per-

formed with a Philips instrument, Model XL-30 (Eindho-

ven, The Netherlands). The surface morphology of the

GCE-red was characterized using a DME DualScope

Scanner DS 95-200 (Herlev, Denmark) atomic force

microscopy (AFM).

Results and discussion

Preparation of GCE-red

The GCE-red was prepared according to the method

reported previously without modification [44]. In brief,

the surface of a GCE with an outer diameter of 3.05 mm

was polished successively with 0.3-, 0.1- and 0.05-lm

alumina slurry (Struers, Copenhagen, Denmark) and then

washed in ethanol and water, respectively, under ultra-

sonication. A freshly polished GCE was anodized at

1.8 V (versus Ag|AgCl|KClsat) in 0.1 M NaH2PO4 for

10 min to obtain a oxidized GCE (GCE-ox). The GCE-

ox was then reduced at -1.0 V (versus Ag|AgCl|KClsat)

in 0.1 M NaH2PO4 for 1 min to obtain a GCE-red [45].

The obtained AFM images of GCE (a) and GCE-red

(b) are shown in Fig S1. The surface of GCE-red was

quite porous in comparison with the smooth surface of

the GCE. The maximum height of the roughness profile

and root-mean-square deviation of the roughness profile

for the GCE-red were 61.7 and 7.01 nm, respectively. In

contrast, these values were 2.46 nm and 738 pm for the

polished GCE.

Preparation of Prussian blue nano particles (PBNP)

For the PBNP films, two solutions were prepared. Solution

1: 0.01 M FeCl3 ? 0.1 M KCl. Solution 2:

0.01 M K4[Fe(CN)6] ? 0.1 M KCl. The pretreated elec-

trode was consecutively dipped into solution A, pure water,

solution B, and pure water again. The dipping time in

solutions A and B was 20 min each, and the washing time

in pure water was 1 min. The six steps are denoted as a

deposition cycle, and they lead to the adsorption of a single

Metal PB layer. After some deposition cycles, the PB-

modified electrode was dried at 60 �C for 1 h [40]. The

preparative procedure of porous glassy carbon electrode

and subsequent PBNs mutilayers assembly processes are

shown in Scheme 1.

Scheme 1 Preparation of PBNP-GCE-red
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Characterization of PBNP

The structure of PBNPs was observed by SEM. From

Fig. 1, we can see lots of cubic PBNP were distributed on

the GCR-red surface uniformly and the average size of

PBNP was estimated at 100 nm.

Figure 2 shows cyclic voltammograms (CVs) of PBNP-

modified electrodes deposited with various layers. The set

of peaks corresponds to redox conversion between PB and

its reduced form, PW. With increasing the number of

deposition cycles, peak current increased gradually because

of the increase of PB loadings; on the other hand, peak

separation also increased, indicating the electron transfer

slowed down due to the increased thickness of PB film.

Figure 3a shows the cyclic voltammograms of the PB and

its three analog-modified electrode at different scan rates in

0.1 M KCl solution. The linear dependence of the peak

currents, Ipa and Ipc on the scan rate (m) of potential was

obtained up to 300 mV s-1 for the first set peaks. This

behavior is what expected for surface redox reactions

(Fig. 3b). At higher sweep rates, the plot of peak current

versus scan rate deviates from the linearity and the peak

currents become proportional to the square root of the scan

rate indicating diffusion-controlled processes, which can be

related to the relatively slow diffusion of counter ions into

a limited reaction layer. Because the electrochemical

reaction needs the counter ions to balance the charge to

maintain the neutrality of the PB during the sweep process,

and the migration of the counters K? has to pass through

the channel of PB for the electrochemical reaction of the

inner atoms, therefore the reaction resistance of the inner

atoms is larger than that of the surface atoms at the high

scan rates, which turns out the incomplete electrochemical

reaction. The ratio of current peaks (Ipa/Ipc) remains almost

equal to unity at different scan rates, as expected for sur-

face-type behavior. The surface concentration of the elec-

troactive mediator (U) on the electrode surface can be

calculated from the slope of the Ipa vs. scan rate plot. For a

reversible surface reaction, the peak current has been given

by the following equation Ip = n2F2mAC/4RT [46]. m is

potential sweep rate, A the geometric surface area and other

symbols have their usual meanings. The value of ca.

1.0749 9 10-9 mol cm-2 was calculated for the PBNP-

GCE-red.

The Tafel slope can be obtained by another method

according to the following equation that is valid for a

totally irreversible diffusion-controlled process [47]:

Ep = b/2 log(t) ? constant where b indicates the Tafel

slope. According to this equation, the evaluated slope of Ep

vs. log(t) is 0.0835 V decade-1; therefore, b = 0. 167 V

decade-1. Hence the amount of a was estimated 0.35.

The redox peak currents decrease with increasing pH of

solution. The lack of peaks at higher pH attributed to the

interaction between PBS and hydroxyl ions in the solution,

which form Fe(OH)3 at pH higher than 4 (Fig. S2). In

addition, the various alkali supporting electrolytes solu-

tions including LiCl, NaCl and KCl were separately used as

supporting electrolytes, and cyclic voltammogram of the

modified electrode was recorded in each solution (0.1 M)

at scan rate of 50 mV s-1 (Fig. S3). The redox peaks

PBNPs at KCl solution as supporting electrolyte exhibits

higher current than the others, because K? could penetrate

into the lattice of PBNPs. Therefore, KCl is selected as a

supporting electrolyte for this present study.

Chronoamperometry was used for the evaluation of the

catalytic reaction rate constant (kcat) for the chemical

reaction between H2O2 and redox sites of surface confined

PBNP-GCE-red using the following equation [48]. Icat/

IL = p1/2 (kcatCot)1/2. Icat is the catalytic current of the

Fig. 1 SEM images of self-assembled PBNP with six deposition

cycles at the GCE-red
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Fig. 2 Cyclic voltammograms of PBNP-modified electrodes with 1,

2, 3, 4, 5, 6, 7, 8, 9 and 10 deposition cycles. The scan rate is 20 mV/s
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PBNP-GCE-red in the presence of H2O2, IL is the limiting

current in the absence of H2O2, and kcat, Co, and t are the

catalytic rate constant (M-1 s-1), catalyst concentration

(M) and time elapsed (s), respectively. For a small time

range, the values of Icat/IL are linear with respect to t1/2 (not

shown). From the slope of the Icat/IL vs. t1/2 plot, we can

simply calculate the value of kcat for a given concentration

of analyte. The value of kcat for a chemical reaction of

H2O2 at a PBNP-GCE-red was found to be

1.7 9 105 cm3 mol-1 s-1.

Electrocatalytic reduction of H2O2 at the PBNP-GCE-

red

To reveal the electrocatalytic activity of PBNPs, the vol-

tammetric behavior of H2O2 was investigated at the surface

of PBNP-GCE-red. Figure 4 illustrates the cyclic voltam-

mograms of the PBNP-GCE-red in the absence (dotted

line) and presence (solid line) of H2O2 in a solution of

0.1 M KCl (pH = 4). The symmetrical redox peaks related

to the PBNP-modified electrode were changed by the

addition of H2O2. The catalytic action of PW, produced by

the electrochemical reduction of PB at the electrode sur-

face, towards H2O2 reduction can be described as follows:

Fe4 Fe CNð Þ6
� �

3
þ4Kþ þ 4e� ! K4Fe4 Fe CNð Þ6

� �
3

K4Fe4 Fe CNð Þ6
� �

3
þ2H2O2 þ 4Hþ

! Fe4 Fe CNð Þ6
� �

3
þ4H2Oþ 4Kþ

In addition, Fig. 5 shows the cyclic voltammograms of

the PBNP-GCE-red were recorded at different scan rates in

the presence of 0.05 mM H2O2. This survey showed that

the reduction current (Ipc) increased linearly with the

square root of the scan rate (m�) (inset (a) in Fig. 5a),

which could be related to the slow diffusion of potassium

ions into the PBNS lattice. Furthermore, a plot of the peak

current ratio (Ipc/m
�) vs. m exhibits an indicative shape
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Fig. 3 Typical cyclic

voltammograms of the PBNP-

GCE-red in 0.1 M KCl (pH 4)

solution at various scan rates

(from inner to outer curve):

10–300 mV s-1 (a). Plot of

peak current vs. scan rate for the

first set peaks (b)
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Fig. 4 Cyclic voltammograms of the PBNP-GCE-red in 0.1 M KCl

(pH 4) at various concentration of H2O2 0, 0.025, 0.05 and 0.075 mM,

potential scan rate 20 mV s-1
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Fig. 5 Cyclic voltammograms of the PBNP-GCE-red in the presence

of 0.05 mM H2O2. Potential scan rates 10, 100, 200, 300, 400, 500,

600, 700, 800, 900 and 1,000 mV s-1. Insets (a) and b represent the

variations of the cathodic peak current, Ipc vs. m1/2, and cathodic

current function, Ipc/m
1/2 vs. m, respectively
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typical of an EC0 catalytic process, as shown in inset b to

Fig. 5b.

For an electroactive material with a diffusion coefficient

D, the current response under condition of diffusion control

is described by Cottrell equation [47] I = nFACD1/2/(pt)1/2.

Where n is the number of electrons; F is the Faraday

constant; A is the electrode area; C is the bulk concentra-

tion of analyte; D is the diffusion coefficient of analyte in

solution; t is the time. In that case, D can be determined

from the slope of I–t-1/2 curve. The average diffusion

coefficient of iodide was calculated to be

2.6 9 10-5 cm2 s-1. In addition, The apparent Michaelis–

Menten constant (KM
app), which gives an indication of the

enzyme-substrate kinetics, can be calculated from the

electrochemical version of the Lineweaver–Burk equation

1
Iss
¼ 1

Imax
þ K

app

M

ImaxC
, where Iss is the steady-state current after

the addition of substrate, C is the bulk concentration of the

substrate and Imax is the maximum current measured under

saturated substrate condition. The KM
app was determined by

analysis of the slope and intercept for the plot of the current

versus H2O2 concentration. The KM
app value of the H2O2

sensor was determined by steady-state amperometric

response and found to be 0.021 lM.

The amperometry experiment was carried out at differ-

ent concentrations of H2O2. Figure 6a shows typical cur-

rent–time responses for the successive addition of H2O2.

The sensor responds rapidly to the substrate, as about 95 %

of the steady-state current is obtained within 6 s. The inset

to Fig. 6b shows a plot of catalytic current, which changes

linearly with the H2O2 concentration in the range of

50–600 lM. The linear regression equation of the cali-

bration curve is expressed as I (lA) = -0.0577C [H2O2]

(lM) -2.7 with a correlation coefficient of 0.9994

(n = 13). The detection limit of the proposed electrode was

found to be 0.51 lM (S/N = 3). The comparisons of

electrocatalytic characteristics of PBNP-GCE-red based

H2O2 sensor with different MHCF-modified electrode are

summarized in Table 1. It can be seen that the detection

limit of this proposed method is lower than GE/PBNPs/

Nafion and PBNP-modified CCE for the determination of

H2O2, but also higher than GO/PB. Moreover, the elec-

trocatalytic properties of PBNP-GCE-red are comparable

with sol–gel HRP-modified enzyme electrode [49].

Figure S4 shows the calibration curves obtained for

amperometric detection of H2O2 performed at porous

glassy carbon electrodes with different number of PB

layers. PBNP-GCE-red with six deposition cycles dis-

played the highest sensitivity. It could be attributed to the

difficult electron transfer and penetration of the counter ion

(K?) and also, blocked diffusion of H2O2 with the

increasing film deposition cycles.

The interferences of typical organic compounds such as

dopamine (DA), uric acid (UA) and ascorbic acid (AA),

and, during amperometric sensing of H2O2, were also

studied at the PBNP-GCE-red (Fig. S5). The current

responses generated due to these interfering species are

negligible for (DP and UA), but a 3.1 % error criterion was
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b

Fig. 6 The current–time profiles obtained at the PBNP-GCE-red

under continuous stirring conditions during the successive addition of

H2O2 in the range 0–600 lM (a). The calibration graph derived from

the current–time profiles (b)

Table 1 A comparison of this work with other modified electrode based on MHCF

Modified electrode Eapp (mV) LOD (lM) LDR (lM) pH of solution Sensitivity (mA M-1 cm-2) Ref.

GO/PB 100[a] 0.12 5–1,200 6 408.7 [32]

PB@Ptnano/carbon nanotubes 100[b] 0.15 0.25–1,500 2 850 [33]

GE/PBNPs/Nafion -50[b] 1 2.1–140 7 138.6 [34]

GCE/CuHCFe/PPy 0[a] 14 0–500 1 726 [35]

PBNP-modified CCE -100[a] 0.78 0–500 4 754.6 [36]

SnHCF|CCE -100[a] 1.47 4–50 4 588 [37]

CuHCFe-CILPE -50[b] 0.9 1–1,000 7 39.8 [38]

PBNP-GCE-red -100[b] 0.51 0–600 4 333 This work

[a] vs. SCE

[b] vs. Ag|AgCl

Eapp applied potential, LDR linear dynamic range, LOD detection of limit, GO grapheme oxide, GE graphite electrode, PPy polypyrrole, CCE

carbon ceramic electrode, SnHCF tin hexacyanoferrate, CuHCFe-CILPE copper hexacyanoferrate modified carbon ionic liquid paste electrode
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adopted for (AA), indicating high selectivity of the sensor.

In addition, repetitive redox cycling experiments were done

to determine the extent of stability relevant to PBNP-GCE-

red in 0.1 M KCl solution (pH = 4). After 30 continuous

cycles at 50 mVs-1, the peak heights of the cyclic vol-

tammograms did not show considerable decrease (not

shown).

Conclusions

In this study, the nano porous glassy carbon electrode has

been applied as the support for the immobilization of

Prussian blue nanocubic particles based on self-assembly

technique for fabrication of hydrogen peroxide sensor. The

kinetics of the catalytic reaction has been explained using

cyclic voltammetry and amperometry. The experimental

results demonstrate that the proposed sensor exhibited good

sensitivity, high stability, fast response and anti-interfer-

ence ability for electrocatalytic reduction of H2O2.
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