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Abstract We describe an electrochemical sensor for hydro-
gen peroxide (H,0,) that is making use of Prussian Blue (PB)
electrodeposited on a macroporous (mp) gold skeleton elec-
trode. An mp-Cu film was first prepared as a template and the
converted into an mp-Au film through a replacement reaction
without destructing the structure. Next, a layer of PB was
electrochemically deposited on the surface of the mp-Au film.
The surface morphology of the electrode was characterized by
scanning electron microscopy. Attenuated total reflection in-
frared spectroscopy and X-ray photoelectron spectroscopy
were applied to confirm the structural features. The mp-PB/
Au film electrode displays high electro-catalytic activity for
the reduction of H,O, at a working potential of =50 mV (vs.
Ag/AgCl) and is very stable. It has a linear response to H,0O,
in the 50 uM to 11.3 mM concentration range and a sensitivity
of 767 pAmM ' cm 2. The electrode also revealed good
selectivity in the presence of electro-active species such as
ascorbic acid and uric acid.

Keywords Macroporous gold - Prussian Blue - Hydrogen
peroxide - Gold electrode - Electrochemical sensor
Introduction

Prussian Blue (PB) is usually regarded as an “artificial perox-
idase” [1, 2]. Due to their high activity and selectivity toward
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the reduction of H,O, at a low potential, PB modified elec-
trodes have been widely used in electrochemical H,O, sensors
[3, 4] where PB acts not only as a catalyst, but also as a charge
transfer mediator [2]. Since the first report on the synthesis of
PB film through electro-deposition [5], electrochemical meth-
od is well known as the most commonly used technique for
the preparation of PB. Recently, in order to enhance the
analytical performances of PB film, template-assisted method
has been developed to prepare macro/nano structured PB
materials [6].

Macroporous (mp) structures are of considerable interest
owing to the extremely large specific surface areas for charge
and mass transport in electrochemistry [7-9]. Fabrication of
mp film on the substrates by electrochemical deposition pro-
cesses has been successfully performed by using hydrogen
bubbles as the dynamic template [10, 11]. Li et.al [12] report-
ed a galvanic replacing process by using hydrogen bubbles to
fabricate mp gold films. A non-enzyme sensor by annealing
the mp-Cu to obtain mp-CuO film for the electrochemical
determination of glucose was prepared by Cherevko and co-
workers [13]. Jia et.al [6] fabricated a porous gold electrode
through alloying-dealloying approach which showed high
sensitivity, outstanding repeatability and stability toward hy-
drogen peroxide. But, the gold electrode will be destroyed
during the alloying-dealloying process.

Herein, we introduce a PB modified mp-Au (mp-PB/Au)
film electrode for the electrochemical detection of H,O,. The
film was fabricated by two electro-deposition steps: firstly,
deposited mp-Cu film using hydrogen bubbles as dynamic
template and then transformed it into Au through replacement
reaction; secondly, electrodeposited PB onto the Au film
matrix. Compared to the PB deposited smooth Au electrode,
the mp-PB/Au film electrode can greatly improve the electro-
chemical response of H,O,. Moreover, The H,O, sensor
could exclude the interference of commonly coexisted uric
acid (UA) and ascorbic acid (AA).
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Fig. 1 Top-view SEM images
with different magnification of
mp-Cu film (a), (b); mp-Au film
after dealloying (c), (d)

X200

Experimental
Materials

Copper(Il) sulfate, potassium ferricyanide (III) (K3Fe(CN)y),
iron (III) chloride (FeCl;), potassium dicyanoaurate
(KAu(CN),), hydrochloric acid (HCI) and 30 % hydrogen
peroxide (H,O,) were purchased from Sigma-Aldrich (http:/
www.sigmaaldrich.com), all the chemicals were of analytical
grade and used as received.

Phosphate buffer (0.1 M) was freshly prepared by
using KH,PO,4, Na,HPO, and KCIl and the pH value
adjusted to 6.5 by using HCI and/or NaOH solution.
Stock solution of H,O, (1 M) was prepared in phosphate
buffer.

Preparation of Prussian Blue modified macroporous gold
electrode

The gold electrode (area: 0.1 cm?) was polished by 0.3
and 0.05 pm alumina slurry, and then the electrode
was washed ultrasonically in acetone, ethanol and dis-
tilled water for 20 min, respectively. Subsequently, the
electrode was immersed in piranha solution (1: 3,
30 % H,0,/ 98 % H,SO,4) for 2 h. After rinsing with
distilled water and ethanol, the polished electrode was
pre-treated by cyclic voltammetry (CV) with voltage
range from —0.3 to +1.6 V (versus Ag, AgCIl/KCI
Sat’d) at the scan rate was 100 mV:s ' in 0.5 M
H,SO, solution until a stable electrochemical response
was obtained.

The mp-Au electrode was fabricated according to the pre-
vious literature [11, 12]. PB was electrodeposited on the
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surface of mp-Au film electrode by using CV between —0.2
and +0.6 Vat a scan rate was 20 mV s ' for 25 cycles, and the
electrochemical deposition electrolyte contained 2.5 mM
FeCl;, 2.5 mM K3Fe(CN)g, 0.1 M KCl and 0.1 M HCI [14].
Subsequently, the prepared MP-PB/Au film electrode was
rinsed with distilled water and stored in phosphate buffer
(pH=6.5).

Characterization

All electrochemical measurements were performed on
VSP potentiostat (Princeton Applied Research, USA) at
room temperature. A three-electrode system was
employed with the modified electrodes as the working
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Fig. 2 Cyclic voltammograms of mp-Au (solid line), smooth Au (dash
line and insef) films in an aqueous solution of 0.5 M H,SOy, at a scan rate
of 100 mV s


http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/

Macroporous Prussian Blue/gold electrode for hydrogen peroxide detection

1091

Fig. 3 SEM images of mp-PB/
Au film

electrodes, a platinum plate as the counter electrode, and
an Ag/AgCl in saturated KCl solution as the reference
electrode. Surface morphologies of the modified elec-
trodes were examined by scanning electron microscopy
(SEM, JEOL JSM-7000 F, Japan). Attenuated total reflec-
tion infrared spectroscopy (ATR-IR) was recorded by
using infrared spectrophotometry with 4 cm™' resolution
and 100 scans, using an ATR platform by pressing the
solid electrodes onto the diamond crystal. X-ray photo-
electron spectroscopy (XPS) measurements were carried
out using a VG Scientific ESCA 2000 spectrometer with a
Mg-Ka X-ray source operating at a power of 170 W
(13 mA and 13 kV).

Results and discussion
Characterization of macroporous gold electrode

In our research, we electro-deposited the mp-Cu film on a gold
electrode, and then transformed it into mp-Au film through
replacement reaction between Cu and aqueous KAu(CN),
[11]. The fabricated films are illustrated in Fig. 1. From the
SEM images, the films are comprised of numerous small
branched deposits [10]. The size of surface pores is ranged
from 80 to 120 um and the pore-wall is about 20 um. As seen
in Fig. 1c and d, after the replacement reaction and electro-
chemical dealloying processes, the film did not destroy the mp
structures. Because of the branches and sub-branches (~5 um)
depict in the typical mp structures of Cu and Au films, the
materials could not only provide the larger surface area, but
also suit for fast electrochemical reactions [12, 15, 16].

The typical CV of Au films were investigated in an aqueous
solution of 0.5 M H,SO, at a scan rate of 100 mV-s '. As
shown in Fig. 2, an anodic oxidation current of Au film
electrode emerges at about +1.2 V while a reduction peak at
+0.83 V in the negative potential scan, the result indicates the
formation of Au oxide that is subsequently reduced [12]. By
integration of the charge required for the reduction of Au
oxide, the real surface area of mp electrode was 28 times
larger than that of smooth Au electrode. Meanwhile, a slight

anodic peak is observed during the sweep up to +0.28 V,
which could attribute to the remaining Cu leaving behind the
interconnected mp-Au film after dealloying processes.

Characterization of Prussian Blue modified macroporous gold
electrode

Figure 3 shows the morphology of mp-PB/Au film electrode.
The electro-deposition of PB reveals less effect on the well-
defined mp structure. From high resolution, some nano/sub-
nano particles on the branches of the pore wall are obtained.
The result demonstrates that the structure of the mp-PB/Au
film is mostly governed by the original mp-Au film [2].

The ATR-IR spectra of the mp-PB/Au is depicted in
Figure 1S (Electronic Supplementary Material, ESM), a
strong band that appears at 2077 cm ™' corresponds to the C
= N stretching vibrations of PB, it is in good agreement with
the predicted structure of a Au film surface functionalized
with PB [2, 17]. The deposition of PB on the surface of Au
was also investigated by XPS. Figure 2S (ESM) shows the
appearance of iron and nitrogen regions of the XPS spectrum
of the mp-PB/Au film. The characteristic peak of Fe,;/, and
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Fig.4 mp-PB/Au (solid curve) electrode and PB/Au film electrode (dash
curve) in a solution containing 0.1 M KCl and 0.1 M HCI at the scan rate
of 50 mV s~
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Fig. 5 a Current-time response of mp-PB/Au film electrode for successive addition of H,O, in phosphate buffer at applied voltage was =50 mV; b

calibration curve of current-concentration of H,O,

Fespo/3 appears at 726.5 eV and 708.6 eV, and XPS of the
Fe,psp region of the film indicates that Fe existed in both
Fe(Il) (708.4 eV) and Fe(Ill) (711.8 eV) states (Figure 2S a)
[18]. Moreover, the characteristic peak of Ny, occurs at
397.8 eV corresponding to the C = N group in PB
(Figure 2S b) [2].

PB is quite stable in neutral and acidic supporting electro-
lyte solutions under CV conductions [19]. The electrochemi-
cal behavior of the mp-PB/Au film electrode was studied in an
aqueous solution containing 0.1 M KCI and 0.1 M HCI, and
the scan rate was 50 mV's . For comparison, a smooth PB/Au
electrode with an equal geometrical area of Au was prepared
at the same condition. As shown in Fig. 4, the mp-PB/Au
(solid curve) and smooth PB/Au (dash curve) film electrodes
display similar CV results, but the amount of PB deposited on
the mp-Au electrode surface is 18 times larger than that of the
smooth Au [20].

Electrocatalytic responses of H,O, at the Prussian Blue
modified macroporous gold electrode

PB is known to be a superior electro-catalyst HO, because of
its reduced form, Prussian White, which has a capacity of

catalyzing the reduction of H,O, at a rapid catalytic rate with a
low over-potential according to Eq. (1) [2]:

Fe,"Ky [Fe' (CN)g], oy + 2H20,

(PW)

+ 4H"'= Fey " [Fe' (CN),] + 4H,0 + 4K * (1)

3(PB)

PB can be solubilized in alkaline solutions because the
hydroxide ions are known to be able to break the Fe—(CN)—
Fe bond [19]. In order to study the electro-catalytic perfor-
mance of the mp-PB/Au electrodes, the electrochemical de-
tection was explored under the weak acidic phosphate buffer
solution (pH=6.5).

Typical current-time response of the mp-PB/Au electrode
at -50 mV in 0.1 M phosphate buffer (pH=6.5) on successive
addition of H,O, concentration is presented in Fig. 5a. The
current is increased rapidly after the addition of H,O,, and it
can achieve a stable state (95 % of the maximum value) within
6 s, indicating a fast electron transfer rate between H,O, and
the modified electrode [2]. The calibration curve for the elec-
trochemical response of the mp-PB/Au modified electrode
shows in Fig. 5b. The linear range of H,O, concentration is

Table 1 Electrochemical

analysis of various PB modified Electrode Linear range Sensitivity Potential Reference

electrodes for H,O, determination (X1072 mM) (LA mM ' em?) V)
PB/NPGF electrode 5-350 1x10* —0.05 [6]
PB/Graphene 2-20 196.6 —0.05 [21]
PB-MWCNT/Au 1-500 135 0.1 [22]
PBNPs/CCE 1-26 754.6 0.1 [23]
PB/PANI/MWNTs 0.008-0.5 5.26 0.0 [24]
Au-PB nanocomposite 0.001-500 5%10° 0.3 [25]
PB/nano-Au/PAMAM/MPA/Au 0.6-1000 4238 0.2 [26]
mp-PB/Au 5-1130 767 —-0.05 This work
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Fig. 6 Amperometric response of mp-PB/Au modified electrode to
hydrogen peroxide (0.25 mM) and different interferences (0.25 mM AA
and 0.25 mM UA) in a stirring phosphate buffer solution (pH 6.5). The
working potential was =50 mV

from 50 uM to 11.3 mM, following the linear regression
equation Y=-0.018 —0.077X (R*=0.999), and the sensitivity
is 767 pA mM " cm 2 Through comparison the sensing
performance of the mp-PB/Au and the smooth PB/Au film
electrodes (Figure 3S, ESM), the amperometric response of
the mp-PB/Au film electrode is significantly larger than that of
the smooth PB/Au film electrode, which attributes to the mp
structure provide larger specific area and rapid transport rate
of liquid with the structure. In order to compare with the mp-
PB/Au electrode obtained in this study, electrochemical ana-
lytical parameters of some reported PB based electrodes using
different modification approaches for hydrogen peroxide
sensing are summarized in Table 1. Compared to the other
electrodes, the mp-PB/Au electrode could not only provide
good sensitivity, but also show widely electrochemical detec-
tion range toward H,O,.

Reproducibility and stability

The reproducibility of the H,O, sensor was found to be
excellent as evidenced by a relative standard deviation of
2.6 % from five separate measurements. The stability of the
mp-PB/Au film was measured by CV. As shown in Figure 4S
(ESM), the film was quite stable in a solution containing
0.1 M KCl and 0.1 M HCI under CV conduction. Due to no
significant current changes in the CV profile after hundreds of
cycles, the mp-PB/Au film could have appropriate stability for
H,0,-sensing.

UA and AA are electro-active species in a biological sam-
ple and may interfere with the electrochemical determination
of H,O, [12]. Figure 6 shows the electrochemical signals of
H,0, at the mp-PB/Au film electrode under the interference of
AA and UA. It is obvious that the electrode shows no or little
signal to interferences, but a sharply increased current when

adding H,O,. This result indicates that the negligible interfer-
ences from UA and AA during the electrochemical detection
of H,O, at the mp-PB/Au film electrode.

For practical purposes, the tap and drinking water was
spiked with H,O, standard solutions, in order to simulate the
contaminated water. Fig. 5S (ESM) displays the electrochem-
ical responses of the water spiked with and without H,O,. The
amperometric responses of the electrode were significantly
changed after spiked with H,0,, in the case of the original
water, the electrode showed no clear electrochemical re-
sponses. The result demonstrates the mp-PB/Au electrode
was potentially applicable for the determination of H,O, in
environmental water samples.

Conclusion

An electrochemical sensor for determination of H,O, was
fabricated by electrochemical deposition of PB on the surface
of mp-Au electrode matrix. mp-Cu film was electrodeposited
using hydrogen bubbles as template, and then transformed
into Au film through replacement reaction using potassium
dicyanoaurate. The Prussian Blue modified Au electrode was
used for determination of H,O, at a low applying potential in
the linear range of H,O, from 50 to 11.3 mM. The mp-PB/Au
film electrode showed excellent sensitivity and rapid response
due to its larger surface area and rapid transport of liquid
provided by the structure of mp gold.
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