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Abstract
The present paper demonstrates a significant hybrid nanofilm using gold nanoparticles (GNPs) and poly celestine blue 
(PCB) as an effective sensing material for hydrogen peroxide  (H2O2). The surface assembly of the nanocatalyst GNPs 
provides greater surface area for improved layering of PCB on the electrode surface. Cyclic voltammetry, UV visible 
spectroscopy and field emission scanning electron microscopy studies confirmed the structure and morphology of the 
synthesized GNPs. Cyclic voltammetric characterization of the fabricated GNPs/PCB electrode was performed and under 
optimal conditions they exhibited enhanced electrochemical sensing towards  H2O2 with better sensitivity and detection 
limit as 0.22 µA/µM and 3.9 × 10−6 M (S/N = 3). The interference studies using the GNPs/PCB modified electrode interprets 
the selectivity of the electrode towards  H2O2. The proposed sensor was highly stable and was effectively applied for 
analysis of  H2O2 in real samples.
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1 Introduction

The development of electrochemical sensors has become 
one of the most promising research areas mainly due to 
its potential applications in the development of analyti-
cal devices. The designing of these amperometric sensors 
with better analytical abilities has led to the discovery of 
nano structured materials with high surface area especially 
inorganic metal nanoparticles (MNPs). In electrochemis-
try, gold nanoparticles (GNPs), have found a wide range 
of applications in electroanalysis [1], bioelectroanalysis [2] 
and electrocatalysis [3]. Among the several MNPs, GNPs are 
distinctively advantageous as it offers a stable platform for 
efficient immobilization of redox mediators and bio mol-
ecules thereby retaining the electrochemical activity of the 
immobilized molecules [4]. Its effective biocompatabiltiy 
has increased the research interest in GNPs based biosen-
sors [5]. A large number of studies have shown that the 

GNPs based sensors enhance the electrode conductivity, 
facilitate the electron transfer and improve the detection 
limit of bio molecules [6, 7].

Incorporation of several organic dyes as redox media-
tors on the electrode surface is receiving considerable 
interest due to their high electron transfer efficiency 
and cost effectiveness. These dye molecules are immobi-
lized on the electrode surface by various techniques like 
adsorption [8], direct electropolymerization [9], cross-
linking methods [10] and sol–gel techniques [11]. The 
conducting dye polymers have received great attention 
due to their good reproducibility providing more active 
sites and homogeneity. Even though the electropo-
lymerization is a preferred technique for immobilizing 
the polymers, controlling the film thickness, charge 
transport features and the electrochemical stability 
of polymer film formed still remains to be a question. 
Based on the various studies on the characteristics and 

Received: 6 March 2019 / Accepted: 19 May 2019 / Published online: 17 June 2019

 * S. Sriman Narayanan, sriman55@yahoo.com | 1Department of Chemistry, Bhaktavatsalam Memorial College for Women, 
Korattur, Chennai, Tamil Nadu 600 080, India. 2Department of Analytical Chemistry, School of Chemical Sciences, University of Madras, 
Guindy Campus, Chennai, Tamil Nadu 600 025, India.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0651-9&domain=pdf


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:732 | https://doi.org/10.1007/s42452-019-0651-9

applications of nano matrix providing better electro-
chemical sensing and stability, we attempt to integrate 
the conducting dye polymer PCB on the GNPs modified 
electrodes.

Hydrogen peroxide  (H2O2) is an important by prod-
uct of enzymatic oxidation of several highly selective 
oxidases.  H2O2 plays a major role in the metabolism of 
proteins, carbohydrates, fats etc. and also helps in regu-
lation of blood sugar and in cellular energy production. 
Moreover the powerful oxidizing property of  H2O2 and 
its derivatives has found them extensive applications in 
the synthesis of many organic compounds. Therefore 
the detection of  H2O2 has gained vital importance in 
environmental, clinical and pharmaceutical analyses 
[12]. Various analytical methods have been developed 
for the determination of  H2O2 including titrimetry [13], 
spectrophotometry [14], spectrofluorometry [15], chemi-
luminescence [16], high performance liquid chromatog-
raphy [17] and electrochemistry [18]. Owing to the dif-
ficulties of these methods like interference effects and 
time consumption, the electrochemical methods are 
found to be more reliable due to their fast detection and 
high selectivity and sensitivity [19]. The direct oxidation 
or reduction of  H2O2 at ordinary solid electrodes requires 
a large over potential which can be efficiently overcome 
by modifying the bare electrode with suitable electro-
catalysts [20, 21]. Studies have shown that the electrodes 
modified with carbon nanotubes [22], metal alloys [23], 
and metal oxides [24] exhibit good catalytic activity for 
direct electrochemistry of  H2O2. Enzymeless  H2O2 sen-
sors using various promising materials along with sil-
ver nanoparticles like reduced graphene oxide [25, 26], 
poly (m-phenylenediamine) microparticle [27], polypyr-
role colloids [28], poly aniline nanofibers [29], graphene 
nanocomposites [30], Te Oxide nanowires [31] have been 
reported. On comparing the electrochemical behaviour 
of the above electrodes, it has been evident that GNPs 
show good catalytic activity toward  H2O2 reduction.

Previously, we have reported PCB modified electrodes 
based on carbon nanotubes and graphene oxide for the 
detection of  H2O2 [32, 33]. Herein, in the present work, we 
have fabricated an amperometric  H2O2 sensor by elec-
tropolymerizing PCB on GNPs modified electrode. The 
electrochemical properties of the GNPs/PCB modified 
electrode have been evaluated by cyclic voltammetry and 
the surface morphology was examined by FESEM analy-
sis. The electrocatalytic activity of the modified electrode 
for the reduction of  H2O2 has also been investigated. The 
analytical utilities have been explored by using the GNPs/
PCB modified electrode for amperometric and real sample 
detection of hydrogen peroxide. We also report the elec-
trochemical performance and the stability of the devel-
oped electrode with high reproducibility and repeatability.

2  Experimental

2.1  Chemicals and apparatus

Analytical grade chemicals were used for all the electro-
chemical determinations. Hydrogen peroxide  (H2O2) was 
purchased from Merck, India. Celestine blue and Chloro 
auric acid were purchased from Sigma Aldrich, USA. 0.1 M 
 NH4NO3 was employed as the supporting electrolyte. The 
pH value was adjusted with PBS (0.1 M). All the solutions 
were prepared using double distilled water.

All the electrochemical measurements were performed 
in CHI 660B electrochemical workstation (CH Instruments, 
USA) provided with standard three electrode configura-
tion. The saturated calomel electrode was taken as the 
reference electrode and the platinum electrode as aux-
iliary. Graphite electrode (3 mm diameter) modified with 
GNPs and PCB was used as working electrode. The elec-
trolyte solution was purged with pure nitrogen to remove 
dissolved oxygen before the experiment. Transmission 
electron microscopic (TEM) images were obtained using 
Hitachi, H7650 Microscope. The surface morphology of 
GNPs/PCB and GNPs modified electrodes were observed 
on a SU6600 field emission scanning electron microscopy 
(FE-SEM) (HITACHI, Japan), equipped with an energy-dis-
persive X-ray analyzer at an accelerating voltage of 30 kV. 
pH measurements were made with Elico pH meter (model 
LI 120).

2.2  Preparation and characterization of gold 
nanoparticles (GNPs)

The citrate capped gold nanoparticles were prepared by 
a process reported earlier [34]. The electrochemical char-
acterization of GNPs exhibited a typical quasi-reversible 
redox behaviour corresponding to the oxidation and 
reduction of GNPs as shown in Fig. 1a [35]. The UV analysis 
confirmed the synthesized GNPs as the absorption maxi-
mum was observed at 520 nm (Fig. 1b). Moreover the TEM 
study (Fig. 1c) was also employed to study the morphology 
of GNPs. The GNPs with a particle size of 5–10 nm were 
obtained with slight agglomeration.

2.3  Electrode fabrication

The fabrication methodology of GNPs/PCB modified elec-
trode involved the electropolymerisation of Celestine blue 
on GNPs modified graphite electrode. The electropolym-
erization process was carried out using cyclic voltmmetry. 
The procedure is as follows: 5 µL of GNPs was dropcasted 
on the polished graphite electrode surface and then dried. 
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PCB was electrodeposited on the GNPs modified elec-
trode from a solution of 3 mM of celestine blue in 0.05 M 
 NH4NO3 (scan rate of 50 mV/s). The fabrication of GNPs/
PCB modified electrode is shown in the scheme 1. GNPs 
modified graphite electrode and PCB modified graphite 
electrode were also prepared for comparing the effective 
electrochemical and electrocatalytic behaviour of GNPs/
PCB modified electrodes.

3  Results and discussion

3.1  FESEM and EDS analysis

The topographical analysis by FESEM and EDS studies for 
the fabricated GNPs and GNPs/PCB modified electrodes 

exhibited a uniform dispersion of GNPs (5–10 nm) on the 
electrode surface with negligible aggregation (Fig. 2a). The 
PCB appeared as a cloudy layer over the GNPs on the elec-
trode (Fig. 2c). The above results were further confirmed by 
the elemental analysis (Fig. 2b, d). Moreover the presence 
of GNPs provides a higher surface area for efficient immo-
bilization of PCB thereby enhancing the electrocatalytic 
activity of the mediator.

3.2  Electrochemical characterization

To evaluate the influence and to study the electrochemi-
cal compatibility of the GNPs/PCB modified electrode, 
CVs were recorded in the presence of various support-
ing electrolytes like  NaNO3,  K2SO4, NaCl, LiCl,  NH4NO3 of 
0.1 M concentration. Well defined redox waves (Fig. 3) 

Fig. 1  a CVs of GNPs drop casted on graphite electrode in 0.1 M  H2SO4 at 100 mV/s, b UV–Vis spectra, c TEM analysis of synthesized GNPs

Scheme 1  Fabrication of GNPs/
PCB modified electrode

Graphite electrode GNPs/PCB modified 
electrode

GNPs modified graphite 
electrode

GNPs
Drop casted

Celestine blue
Polymerization

H2O2

H2O
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were recorded in the presence of  NH4NO3 (0.1  M) as 
electrolyte which is attributed to their favourable elec-
tron transfer conditions. The voltammograms obtained 
with other electrolytes were ill defined. Hence this ena-
bled us to choose  NH4NO3 (0.1 M) solution as the back-
ground electrolyte for subsequent studies. The pH rap-
port of GNPs/PCB modified electrode was also studied 
in the pH range of 3–10. The results clearly displayed an 
increased current response at pH 7 (not shown). So pH 
7 was maintained for all the electrochemical measure-
ments by using 0.05 M PBS buffer solution along with 
0.1 M  NH4NO3.

To explain the electrochemical performance of the 
GNPs/PCB modified electrodes, comparative cyclic vol-
tammetric responses along with GNPs and PCB modified 
electrodes are given in Fig. 4a. Curves a. b, c and d (Fig. 4a) 
corresponds to the voltammograms of bare, GNPs, PCB 
and GNPs/PCB modified electrode in 0.1 M  NH4NO3 (pH 
7) at a scan rate of 50 mV/s. A pair of oxidation and reduc-
tion peaks occurs at − 0.15 V and − 0.34 V for the GNPs/
PCB modified electrode (curve d) with a formal potential of 
− 0.24 V. Higher peak currents were recorded for GNPs/PCB 
modified electrode when compared with PCB modified 
electrode. This exhibits well resolved nerstian behaviour 
of GNPs/PCB electrode rather than the electrodes without 
GNPs. This response is due to the fact that GNPs can highly 
facilitate the electron transfer of PCB.

3.3  Scan rate variation

Figure 4b shows the effect of scan rate on the peak cur-
rents. As can be seen, a linear increase in current with 
increasing scan rate was recorded in the range 2–150 mV/s 
with a slight shift in the peak potential. This behaviour rep-
resents a surface-controlled process. Moreover a good 
linearity and correlation coefficient (0.99—cathodic and 
0.9857—anodic) was exhibited when a calibration graph 
of scan rate against peak currents was plotted. The surface 

Fig. 2  FESEM and EDS images of GNPs (a, b) and poly (celestine blue) on GNPs modified electrode (c, d)

Fig. 3  CVs of GNPs/PCB modified electrode in the presence of 0.1 M 
(a)  NaNO3 (b)  K2SO4 (c) NaCl (d) LiCl (e)  NH4NO3, Scan rate: 50 mV/s
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coverage of GNPs modified and bare graphite electrode 
with PCB was calculated using the equation,

where Q represents the anodic or cathodic charge 
under the peak in coulombs, F is the Faraday constant 
(96,485 C mol−1), A is the surface area of the electrode and 
n is the number of electrons transferred [36]. The calcu-
lated Γ values for GNPs/PCB modified graphite electrode 
was 4.87 × 10−10 mol/cm2 and that of PCB modified elec-
trode was recorded as 1.69 × 10−10 mol/cm2. The differ-
ences in the Γ values indicate that the GNPs have provided 
stable and a higher surface area for the efficient growth 
of PCB film.

3.4  Electro catalytic reduction of  H2O2

The electrocatalytic activity of GNPs/PCB modified electrode 
was studied in 0.1 M  NH4NO3 (pH 7) containing desired 
concentration of  H2O2 at a scan rate of 50 mV/s. Figure 5a 
compares the CVs of bare graphite, PCB electrode, GNPs/
PCB modified electrode in the absence (curve a, c, e) and in 
the presence (curve b, d, f ) of 8.26 × 10−5 M H2O2. From the 
CVs it is observed that the bare graphite and PCB modified 

C = Q/nFA

electrode (curve b, d) exhibited weak reduction currents 
at very high potentials. But with the GNPs/PCB modified 
electrode in the presence of  H2O2 a predominant increase 
in the reduction current was observed. This increase in the 
current response of GNPs/PCB modified electrode on com-
parison with PCB modified electrode can be designated due 
to the synergistic effect of GNPs. The reduction current was 
found to increase linearly with increasing  H2O2 concentra-
tion (Fig. 5b). The enhancement in the reduction current can 
be ascribed to the electro catalytic effect of the PCB. At the 
applied potential, the oxidised form of the PCB on the elec-
trode surface gets reduced. This reduced form of PCB further 
reduces  H2O2 and in turn gets oxidized. This behaviour of 
PCB is invariably amplified by the presence of GNPs on the 
electrode surface as discussed earlier. Based on the results 
observed, the possible catalytic mechanism of  H2O2 reduc-
tion and PCB regeneration is given below.

As depicted in the calibration graph (Fig. 5b inset) plot-
ted between catalytic current and  H2O2 concentration, 
the GNPs/PCB modified electrode was able to effectively 
eelctrocatalyse  H2O2 in the linear concentration range 
from 1.17 × 10−5 M to 1.29 × 10−3 M (R2 = 0.9998). The detec-
tion limit and sensitivity was calculated as 3.9 × 10−6 M 
(S/N = 3) and 0.22 µA/µM respectively. The RSD obtained 
was 1.5% for ten repetitive additions of 3.23 × 10−4 M of 
 H2O2. The effect of the solution pH on the catalytic behav-
ior of GNPs/PCB modified electrode was studied in the 
range of 3–10. Figure 6a shows the effect of pH on the 
reduction peak current of GNPs/PCB modified electrode 
in the presence of 3.23 × 10−4 M  H2O2. At pH values lesser 
than 5 (acidic medium), no appreciable change in the peak 
currents were observed. A maximum current response at 
lower potential was recorded at pH 7. The electrocatalytic 
signal was found to decrease above pH 7 which may be 
due to the minor dissolution of the mediator in the alka-
line medium. This implies that the electro catalytic prop-
erty of PCB depend greatly on solution pH.

The electrochemicalal reduction ability of the as pre-
pared GNPs/PCB modified electrode towards  H2O2 detec-
tion was further examined by performing DPV studies. 
Figure 6b shows the DPV response of GNPs/PCB modified 
electrode towards increasing concentration of  H2O2 in 
0.1 M  NH4NO3. It was evident that there was a proportional 
increase in the peak current with respect to the concen-
tration of  H2O2 added. This is indicated by the linearity 
 (R2 = 0.969) obtained in the calibration plot (Fig. 6b Inset) 
between the concentration of  H2O2 and the so obtained 

PCB(Oxd)⟶ 2H+ + 2e−PCB(Red)

PCB(Red) + H2O2

Catalytic
⟷

Reduction
PCB(Oxd)

(Regenerated)

+2H2O

Fig. 4  a CVs of (a) bare (b) GNPs (c) PCB and (d) GNPs/PCB modi-
fied electrode, Scan rate: 50 mV/s b CVs of GNPs/PCB modified elec-
trode at different scan rates; Inset: Dependence of peak current ver-
sus scan rate. Electrolyte: 0.1 M  NH4NO3 (pH 7)
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catalytic current. This reveals the electro catalytic sensing 
accuracy of the GNPs/PCB modified electrodes towards 
detection  H2O2.

3.5  Amperometric determination of  H2O2

To investigate the applicability of the GNPs/PCB modified 
electrode towards  H2O2 determination under dynamic 
conditions, hydrodynamic voltmmetry analysis (HDV) was 
performmed. The HDVs were recorded in the presence of 
3.23 × 10−4 M  H2O2 for the bare and GNPs/PCB modified 
electrode (Fig. 7a) in the range of 0 to − 0.7 V at a stirring 
rate of 300 rpm. The peak currents of the modified elec-
trode (curve b) increased with increasing potential with 
a maximum response at of − 0.35 V. The bare electrode 
(curve a) did not show any considerable current response 
at the same potential and was found to detect  H2O2 at 
higher potential with least sensitivity. So an optimal opera-
tional potential of − 0.35 V was fixed for the chronoamper-
ometric determination.

Figure 7b illustrates the chronoamperometric response 
of the GNPs/PCB modified electrode for successive addi-
tions of 0.5 ml of 0.01 M  H2O2 in 0.1 M  NH4NO3 at a con-
stant potential of − 0.35 V. The steady state was reached 
within 4 s with a rapid increase in the current after each 
addition. The inset in Fig. 7b gives the calibration plot 
between the catalytic current response and time. A linear 
response within the concentration range of 8.26 × 10−5 M 
to 1.04 × 10−3 M (under study) with a correlation co effi-
cient of 0.995 was obtained.

This highlights the high catalytic sensitivity of the elec-
trode under dynamic conditions. A comparison of the 
present GNPs/PCB modified electrode towards the deter-
mination of  H2O2 with other sensors is tabulated in Table 1.

Fig. 5  a CVs of bare, PCB and GNPs/PCB modified electrode in 
the absence (a, c, e) and presence (b, d, f ) of 8.26 × 10−5  M  H2O2. 
b Peak current response of GNPs/PCB modified electrode for suc-
cessive additions of  H2O2; Inset: Calibration plot of catalytic cur-
rent versus concentration of analyte. b Effect of pH for the peak 
current response of GNPs/PCB modified electrode in presence of 
3.23 × 10−4 M of  H2O2. Electrolyte: 0.1 M  NH4NO3 (pH 7), Scan rate: 
50 mV/s Fig. 6  a Effect of pH for the peak current response of GNPs/PCB 

modified electrode in presence of 3.23 × 10−4 M of  H2O2. Electrolyte: 
0.1 M  NH4NO3 (pH 7), Scan rate: 50 mV/s. b DPV response of GNPs/
PCB modified electrode for the successive additions of 0.1  ml of 
0.01 M  H2O2; Inset: Calibration plot of catalytic current versus con-
centration of  H2O2
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3.6  Effect of interferents

The selectivity of the GNPs/PCB modified electrodes in the 
electrochemical determination of  H2O2 in the presence of 
various analytes like ascorbic acid, uric acid and acetic 
acid was analysed. The interfering species were chosen 
on the basis of their co existence with  H2O2 in biological 
and food samples. The influence of the three interferants 
(82 µM) was monitored amperometrically under optimized 
parameters by applying a constant potential of − 0.35 V 
(Fig. 8). Ascorbic acid, uric acid and acetic acid were added 
at regular intervals of time in the presence of 2.43 × 10−4 M 
of  H2O2. As evident from Fig. 8, there was no additional 
current response on subsequent injection of these ana-
lytes. The low potential determination of  H2O2 excludes 
the interference effects indicting the high degree of selec-
tivity of the GNPs/PCB modified electrodes.

3.7  Real sample analysis

The determination of  H2O2 in milk samples was car-
ried to verify the practical application of the GNPs/PCB 
modified sensor. The analysis was carried out with two 
different branded milk samples. For this purpose, 5 ml 
of the boiled milk was filtered and diluted to ten times 
and used for electrochemical determinations. Initially a 
blank milk sample was tested. No characteristic signal 
was observed which confirmed the absence of  H2O2. The 
sample was then spiked with two different concentra-
tions of  H2O2 and the recoveries were calculated. The 
 H2O2 concentration determined in the samples using our 
method is listed in Table 2. Furthermore, the desirable 
recovery of  H2O2 in the milk samples by GNPs/PCB mod-
ified electrode verifies the suitability of the proposed 
sensor for real sample analysis.

3.8  Stability and reproducibility

The stability of the GNPs/PCB modified electrode was 
also studied. The electrode was subjected to 100 continu-
ous cycles at a scan rate of 50 mV s−1 in 0.1 M  NH4NO3 

Fig. 7  a Hydrodynamic voltammograms of (a) bare (b) GNPs/PCB 
modified electrode in presence of 3.23 × 10−4 M of  H2O2, b chrono-
amperometric response for  H2O2 at GNPs/PCB modified electrode 
for each 0.5  ml addition of 0.01  M  H2O2. Inset: Calibration graph; 
Fixed potential: -0.35 V; Electrolyte: 0.1 M  NH4NO3 solution (pH 7), 
Scan rate: 50 mV/s under stirring condition

Table 1  Comparison of the present GNPs/PCB modified electrode 
with other  H2O2 sensors

a Palladium
b Copper
c Screen printed carbon electrodes
d Silver nanodendrites
e Indium tin oxide
f Cuprous oxide
g Cobalt oxide
h Multiwalled carbon nanotubes
i Screen printed eelctrodes
j Octadecylamine
k Reduced graphene oxide
l Prussian blue
m Gold nanoparticles
n Poly celestine blue

Electrode Linear range (µM) LOD (µM) References

PdaCub/SPCEc 500–11,000 0.7 [37]
N-graphene-Ag 

 NDsd/ITOe
100–80,000 0.26 [38]

Cu2Of 300–1280 2.6 [39]
Co3O4

g/MWCNTSh 20–430 2.46 [40]
s-SPEi/ODAj-rGOk-

ODAj-PBl
5–1000 2 [41]

Silver nanowire array 100–3100 29.2 [42]
GNPsm/PCBn 11.7–1290 3.9 Present work
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(pH 7) (Fig. 9). The current response remained unaffected 
between the 1st and the 100th cycle. The studies depicted 
that the current response of GNPs/PCB modified electrode 
in the presence of  H2O2 and the catalytic currents for the 

reduction of  H2O2 were effectively reproducible. Electropo-
lymerization of the celestine blue on the GNPs modified 
electrode forms a stable redox active layer and also retains 
the catalytic ability of the GNPs. This confirms that the pro-
posed electrochemical sensor is highly stable and can be 
repeatedly used with reserved performance.

4  Conclusion

The present study has resulted in a unique fabrication 
approach of GNPs/PCB electrochemical sensor by elec-
tropolymerization of celestine blue on GNPs coated 
electrode. The GNPs synthesized were characterized by 
UV and TEM studies confirming the particle size in the 
range of 5–10 nm. The presence of GNPs enhanced the 
surface area for effective adsorption of the polymerized 
dye molecule facilitating electron transfer and thereby also 
enhances the stability of the sensor. The fabricated GNPs/
PCB sensor exhibited effective electrocatalytic activity and 
amperometric response towards  H2O2 determination with 
detection limit, linear concentration range and sensitivity 
as 3.9 × 10−6 M (S/N = 3), 1.17 × 10−5 M to 1.29 × 10−3 M and 
0.22 µA/µM respectively. The present GNPs/PCB modified 
electrodes was successfully applied for the detection of 
 H2O2 in milk samples with reliability and reproducibility.
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