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a b s t r a c t

Hydrogen peroxide is a radiolysis product of water formed under gamma-irradiation; therefore, its
reliable detection is crucial in the nuclear industry for spent fuel management and coolant chemistry.
This study proposes an electrochemical sensor for hydrogen peroxide detection. Cysteamine (CYST), gold
nanoparticles (GNPs), and horseradish peroxidase (HRP) were used in the modification of a gold elec-
trode for fabricating Au/CYST/GNP/HRP sensor. Each modification step of the electrode was investigated
through electrochemical and physical methods. The sensor exhibited strong sensitivity and stability for
the detection and measurement of hydrogen peroxide with a linear range of 1e9 mM. In addition, the
MichaeliseMenten kinetic equation was applied to predict the reaction curve, and a quantitative method
to define the dynamic range is suggested. The sensor is highly sensitive to H2O2 and can be applied as an
electrochemical H2O2-sensor in the nuclear industry.

© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. All rights reserved. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen peroxide (H2O2) is a highly interesting topic in the
nuclear industry. H2O2 is generated during the radiolysis of water,
and is a typical oxidant [1e6]. The radiolysis of water can be as
described as the following reaction:

H2O ���������!Ionizing Radiation
H2 þ H2O2 þ H, þ HO, þ HO2, þ eaq .

H2O2 has been extensively used in several critical applications in
various avenues of nuclear science and technology. For example,
water is used as a coolant in commercial nuclear reactors, such as
pressurized water reactors and boiling water reactors. Therefore,
water radiolysis and H2O2-related chemistry are relevant to the
coolant attributes of water. In addition, H2O2 is employed for
cleaning the steam generators of the primary nuclear reactor
coolant [7e10] and as a decontaminant in the reactor shutdown
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process [11,12]. During the storage of spent nuclear fuel in under-
ground repositories, the radiolysis of the underground water can
affect the long-term safety of the copper-steel containers that are
used for the storage of the nuclear fuel due to the formation of H2O2
[13e19]. Furthermore, the spent fuel itself is exposed to oxidizing
conditions caused by its alpha-radiolysis [20e22], which could
compromise its surface integrity. Due to these reasons, the detec-
tion and measurement of H2O2 are crucial in the nuclear industry.
However, to the best of our knowledge, there are no standard
methods for real-time monitoring H2O2, that can be used for
practical applications in the nuclear industry.

The aim of this study is the development, production, and qual-
ification of an electrochemical sensor for the specific detection of
H2O2, using novel materials, for improving operational safety in the
nuclear industry. Gold nanoparticles (GNPs) afford a uniquely fast
electron transport rate, which is referred to as an ‘electron antenna’
[23], and they can fabricated onto the functional groups of organic
materials owing to their large surface area [24,25]. By merging the
beneficial properties of gold nanoparticles and an enzyme that can
catalyze the reduction of H2O2, an electrochemical sensor with high
sensitivity and selectivity for H2O2-detection can be engineered.
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Recently, electrochemical sensors based on metal nanoparticles and
enzymes have been actively researched for application to hydrogen
peroxide detection in various fields, including food, pharmaceutical,
medicinal, and environmental industries [26,27], and could also be
employed for applications in the nuclear industry. For such a
development of H2O2 sensors [20,28e31], the horseradish peroxi-
dase (HRP) enzymes were chosen from the family of redox enzymes
and were fabricated along with GNPs on the electrode surface. HRP,
as its nomenclature refers, is an H2O2 redox enzyme, and its catalytic
active site is referred to as a prosthetic group [32,33]. Importantly,
HRP is estimated to detect and measure hydrogen peroxide selec-
tively, and its performance, including efficiency, detection range, and
detection limit, can be improved [31,34].

In this work, an electrochemical sensor was prepared by
reforming a gold (Au) electrode surface with a cysteamine (CYST)
self-assembled monolayer, which is an organic material that assists
the fabrication of the GNPs on the Au electrode. The Au/CYST/GNP
electrode was prepared by the chemical adsorption of gold nano-
particles on the Au/CYST electrode surface. Next, the immobiliza-
tion of the HRP on the nanoparticles was carried out for the
preparation of the Au/CYST/GNP/HRP electrode, which completed
the fabrication of the electrochemical sensor. The electrode modi-
fications in each step were qualified using electrochemical and
physical methods. The developed sensor had high sensitivity and
stability toward H2O2. The performance of the sensor was assessed
using electrochemical methods. In addition, the MichaeliseMenten
(Km) constant and the affinity of HRP to H2O2 were evaluated using
the MichaeliseMenten kinetic equation and LineweavereBurk
equation [35,36]. The cathodic current over the range beyond the
one measured is estimated using the MichaeliseMenten kinetic
equation, and a dynamic range of the sensor is suggested.

2. Materials and methods

2.1. Chemicals and apparatus

HRP (250 U/mg, RZ� 2.0, Sigma, USA), HAuCl4 (Au� 49%, ACROS
organics, USA), and cystamine (95%, Sigma, USA) were employed
for electrode modification. Potassium ferricyanide (99%, Sigma,
USA), Dopamine (98%, Acros, USA), L-ascorbic acid (99%, Sigma,
USA), and hydrogen peroxide (30 wt% in H2O, Sigma, USA) were
used for the preparation of the analytes. All other chemicals were of
analytical grade and purchased from Sigma and used without
further purification. All solutions were prepared using water puri-
fied by reverse osmosis and electrodeionization (Milli Q academic,
Merck, USA). Potassium phosphate and potassium dihydrogen
phosphate were used for the preparation of 0.1 M, pH 7 phosphate
buffer solution (PBS). Unless specified otherwise, all experiments
were carried out at 25 �C.

Electrochemical measurements were performed with a poten-
tiostat (CHI440, CH Instruments, USA). The three-electrode system
consisted of an Au electrode as theworking electrode, a Pt electrode
as the counter electrode, and a saturated Ag/AgCl electrode as the
reference electrode. The working electrode was polished with
alumina powder (1.0, 0.3, and 0.05 mm) on silica pads and sonicated
in water, ethanol, and water for 10 min each, in that order. The
working electrode was then cleaned electrochemically in sulfuric
acid by cyclic voltammetry in the 1.5 to �0.2 V range with a scan
rate of 300 mV/s. Scanning electron microscope (SEM, S-4800,
Hitachi, Japan) was used for observing the Au colloids.

2.2. Preparation of Au/CYST/GNP electrode

The Au electrodewas qualified using a ferricyanide solution. The
qualified Au electrode was immersed for 1 h in a 10 mM solution of
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CYST in PBS at 4 �C for preparing the Au/CYST electrode. The Au
colloids were prepared according to a reported procedure
[23,37,38]. A solution of 1 mL of 1% HAuCl4 and 90 ml of H2O was
prepared by stirring for 1 min. To prepare the spherical-shaped
colloidal form, 38.8 ml of sodium citrate was added, and then
1 ml of 0.075% sodium borohydride was used for the reduction and
shaping of the Au colloids. Once the solution turned burgundy, it
was stirred for 10 minwithout heating. The concentration of the Au
colloids was estimated to be 0.32 mM [23,39]. Finally, the prepared
Au/CYST electrode was immersed in the Au colloids at 4 �C for 12 h
in the absence of light. The adsorption of the Au colloids on the
electrode as GNPs completed the fabrication of the Au/CYST/GNP
electrode. To validate the electrode, a solution of dopamine (DA)
and L-ascorbic acid (AA) was prepared in PBS. Square wave vol-
tammetry (SWV) was performed with solutions of various con-
centrations to test the electrode by comparison with a reported
study [23].

2.3. Preparation of Au/CYST/GNP/HRP and H2O2 detection

HRP (15 mg) was dissolved in 5 mL of PBS and stirred for 10min.
Then, the Au/CYST/GNP electrode was immersed in the HRP PBS
solution at 4 �C for 12 h. CV was performed with 1 mM H2O2 in PBS
with a scan rate of 100 mV/s and a range from �0.7 to 0.4 V. The
optimal reduction potential was determined to be �0.3 V, which
was then applied to amperometry. The amperometry was per-
formed for various concentrations of H2O2 in 5 mL PBS were
measured for 100 s at a scan-interval of 0.1 s in a cell. The cell was
stirred continuously to maintain a homogenous solution.

3. Results and discussion

3.1. Modification of Au/CYST/GNP/HRP

Cyclic voltammetry of Fe(CN)63- in PBS was carried out at
different concentrations, with the Au electrode at a scan rate of
100mV/s (Fig. 1 (a)). The redox reaction of Fe(CN)63- is awell-known
redox process at the Au electrode [40]. Since the redox of ferricy-
anide is a simple electron transfer reaction without a side reaction
and the electrochemical reaction is easily processed, it is simple to
test the electrode without further modification of the electro-
chemical cell system. The peak currents of the cathodic wave and
the cathodic current of each cycle were obtained and linearly
regressed, as shown in Fig. 1 (b). The cathodic current was linearly
dependent on the concentration of ferricyanide, which indicated
that the Au electrode component of the electrochemical sensor was
appropriately prepared.

The colloidal Au solution was visually inspected using SEM with
a magnification of 100 000 at 15.0 kV. The colloids were uniformly
produced in the spherical form, with sizes ranging from 20 to
30 nm, as seen in Fig. 2. After CYST was self-assembled and
immobilized on the Au electrode, the Au colloids were added to the
Au/CYSTelectrode as gold nanoparticles. Performance testing of the
Au/CYST/GNP using SWV was carried out with a mixed solution of
AA and DA in PBS, at various concentrations. SWV was performed
with a scan increment of 0.004 V, amplitude of 0.025 V, and fre-
quency of 15 Hz. The results are shown in Fig. 3 (a) and indicate two
remarkable peaks at 0 and 0.2 V. The peaks at 0 and 0.2 V have been
reported to be attributable to the oxidation potentials of AA and DA,
respectively [23]. The peak currents of AA and DA, as anodic cur-
rents over each concentration, were linearly regressed, and the
results are shown in Fig. 3 (b). The results indicate good sensitivity
for the separation of the voltammetric signals of AA and DA, which
confirms that the prepared Au/CYST/GNP electrode operated suit-
ably [23]. As a consequence, Au/CYST/GNP electrode was qualified.



Fig. 1. (a) CV of ferricyanide in pH 7 PBS at 25 �C on Au electrode with scan rate of 100 mV/s and (b) cathodic current of ferricyanide reduction over various concentrations.

Fig. 2. Microscopic image, with a 100 nm white bar, for SEM of Au colloids at 100 000
magnification.
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After immobilization of HRP on the Au/CYST/GNP electrode, the
resulting Au/CYST/GNP/HRP electrode was fabricated, as shown in
Fig. 4. CV of the electrode was performed with a scan rate of
100 mV/s in PBS, and 1 mM H2O2 in PBS, as shown in Fig. 5.
At �0.3 V, the cathodic wave of H2O2 began to show distinction
from the cathodic wave of PBS, which was used as the background
signal. This result indicates that the H2O2 underwent a reduction
Fig. 3. (a) SWV of AA and DA mixture in pH 7 PBS at 25 �C on Au/CYST/GNP electrode with s
current of AA and DA at various concentrations.

144
reaction at the prosthetic group of HRP [32,33] and degraded into
H2O and O2 [32,41,42] (Fig. 6). Electrochemical investigations of the
properties of H2O2, with pH control [43], have indicated that the
reduction potential of H2O2 is�0.3 V in the middle of the diffusion-
controlled region, at pH 7 and 25 �C. Although the cathodic current
with a lower reduction potential is more distinct between H2O2 and
PBS, it is estimated that there would be some side reactions, such as
hydrogen production, which could interrupt the current signal [43].
Therefore, it was concluded that �0.3 V is the optimal potential for
the electrochemical detection of H2O2 reduction in the current
system.
3.2. H2O2 detection and measurement

The quantitation of the H2O2 reduction with the Au/CYST/GNP/
HRP electrode was carried out using amperometry. Samples with
various concentrations (1, 2, 3, 4, 5, 6, 7, 8, and 9mM) of H2O2 in PBS
were measured for 100 s at a scan-interval of 0.1 s. The background
signal was obtained from PBS. The cathodic current at each con-
centration is shown in Fig. 7. The current obtained was linearly
dependent on the concentration in the 1e9 mM range, which in-
dicates that the Au/CYST/GNP/HRP electrochemical sensor is
strongly sensitive to H2O2. From the standard deviation of the
background amperometric current in PBS and the slope (Fig. 7), the
limit of detection (LOD) [44] was determined to be 0.12 mM.

It has been reported that the concentration of H2O2 has been
measured up to the mM scale in the coolant chemistry [3] and that
of spent fuel [20]. Also, 8.8 mM H2O2 was used in the chemical and
can increments of 0.004 V, amplitude of 0.025 V, and frequency of 15 Hz and (b) anodic



Fig. 4. Modification process of Au/CYST/GNP/HRP electrode.

Fig. 5. CV of 1 mM H2O2 in pH 7 PBS at 25 �C on Au/CYST/GNP/HRP electrode with scan
rate of 100 mV/s.

Fig. 6. Electron transfer and redox mechanism on Au/CYST/GNP/HRP electrode.

Fig. 7. Cathodic current from H2O2 reduction over various concentrations, in pH 7 PBS
at 25 �C on Au/CYST/GNP/HRP electrode.

Fig. 8. Response time of amperometry of H2O2 reduction over various concentrations,
in pH 7 PBS at 25 �C on Au/CYST/GNP/HRP electrode.
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volume control system of a commercial reactor according to a US
Nuclear Regulatory Commission report [45], and the oxidative
dissolution of the spent fuel appears to range from 0.1 to 5.0 mM
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[21]. Therefore, the linear range of our sensor, meets significantly,
the requirements of the nuclear industry for H2O2 detection.
Therefore, the linear range of the proposed sensor meets the re-
quirements of the nuclear industry for H2O2 detection. Since there
is no direct method to measure H2O2 and the estimation method
uses electrochemical corrosion potential only [3], this work can be
applied as a direct measurement.

Response time is another vital attribute of sensors [46]. In this
case, the response time can be defined as the time at which a
steep interval signal is obtained after the commencement of the
measurement. Such a signal was obtained during the amper-
ometry at each concentration (Fig. 8), with an average value of
3.1 s and a 95% confidence interval. Except for the initial point, all
other data were uniformly distributed. As the response time
increased, the current signal remained constant, which indicates
that the electrode is highly stable to concentration changes over
time and that the structure of the electrode inhibits the enzyme
denaturation [33].
3.3. MichaeliseMenten kinetics

As HRP is a biochemical enzyme, it follows the
MichaeliseMenten kinetic equation. The MichaeliseMenten con-
stant (Km) can be acquired using the correlation between the con-
centration and the current [32,35,47]. Km is identical to the
concentration at the half-maximum reaction rate, and therefore, an
inverse indicator of the affinity between the substrate and the
enzyme [35,48]. Because Km cannot be directly evaluated from the
equation, the LineweavereBurk equation can be used instead to
calculate Km, according to the following equation [30,33,36,49]:



Fig. 10. Estimated cathodic current with MichaeliseMenten equation beyond the
range measured, for H2O2 reduction over various concentrations, in pH 7 PBS at 25 �C
on Au/CYST/GNP/HRP electrode, with an extended initial slope of linear range from
Fig. 7 and dynamic range, suggested in this study.
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1
I
¼ Km

Imax

1
C
þ 1
Imax

: (1)

Equation (1) is an alternate expression of the LineweavereBurk
equation, which can be applied for electrochemical reactions,
where I and Imax are the currents detected under the steady-state
and saturated conditions, respectively, and C is the concentration
of the analyte [50]. In this case, I is the cathodic current, and C is the
concentration of H2O2 from amperometry. The plots for the inverse
cathodic current and inverse concentration of H2O2 are shown in
Fig. 9. From the slope, Km/Imax, and the intercept 1/Imax of the
LineweavereBurk plot, the Km was determined to be 6.3 mM. The
MichaeliseMenten equation for the electrochemical reaction from
equation (1) can be expressed as follows:

I¼ ImaxC
Km þ C

: (2)

Usingequation (2), the currentwasestimated andplottedover the
concentration beyond the range measured, as shown in Fig. 10. The
slopeof theplot inFig. 7wasextrapolated todetermine themaximum
current Imax, which was determined to be at a concentration of
15.6 mM. Although the range from 1 to 15.6 mM was not linear, it
couldbe treatedasadynamic range,where thedata arenonlinear, but
measurable [44]. Dynamic ranges are observed in a wide range of
experiments and are typically determined intuitively. Therefore, such
dynamic ranges are inconvenient and typicallyavoided.Wider ranges
can be estimated using theMichaeliseMenten kinetic equation, even
with smaller data, and the dynamic range suggested above is more
quantitative. However, the denaturation of HRP has been reported at
higher concentrations of H2O2 [31,32], and further research is needed
to confirm the stability in the wider ranges of concentration. Also,
effect of radiationon the sensor in amore specific condition shouldbe
studied in the future.

4. Conclusion

This study reports the successful fabrication of a novel Au/CYST/
GNP/HRP electrode, which was qualified experimentally and by
examination using SEM image at each modification step of the Au
electrode. The performance of the sensor was tested, and the
sensitivity and LOD were evaluated. The electrochemical sensor
was stable to concentration changes and did not exhibit any
deformation. The optimal conditions for the diffusion-controlled
Fig. 9. Inverse cathodic current of H2O2 reduction over its inverse concentration, in pH
7 PBS at 25 �C on Au/CYST/GNP/HRP electrode.
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reaction at the sensor were determined. The cathodic current of
the sensor in the range beyond the one measured was estimated
using the MichaeliseMenten kinetic equation, and a quantitative
definition of the dynamic range is suggested. The sensor is highly
sensitive to H2O2 and can be applied as an electrochemical H2O2-
sensor in the nuclear industry including coolant chemistry and
spent fuel management in the terms of nuclear safety.
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