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VOLTAMMETRY

Electrochemical Determination of Hydrogen Peroxide by a
Nonenzymatic Catalytically Enhanced Silver-Iron (III) Oxide/
Polyoxometalate/Reduced Graphene Oxide Modified Glassy
Carbon Electrode

Natasha Ross and Noniko Civilized Nqakala

SensorLab, Department of Chemistry, University of Western Cape, Bellville, Cape Town, South Africa

ABSTRACT
The synergism of phosphomolybdic acid hydrate (POM) decorated
with silver-iron (III) oxide (Ag-Fe2O3) nanoparticles and anchored on
reduced graphene oxide (RGO) have been demonstrated to be
effective as a nonenzymatic H2O2 sensor platform. The assembly of
the sensor components and their interactions were probed morpho-
logically, spectroscopically and electrochemically. The Ag-Fe2O3/
POM/RGO nanocomposite sensor provided an enhanced electroac-
tive surface area, electrical conductivity and sensitivity for hydrogen
peroxide compared to an unmodified glassy carbon electrode (GCE)
at –0.55 V versus a saturated calomel electrode. The developed sen-
sor amperometric response was linear across the concentration
range from 0.3mM to 3.3mM (R2 ¼ 0.992) with a detection limit
and sensitivity of 0.2lM and 271 lA�mM–1�cm�2 respectively.
Concomitantly, a short response time of T90< 5 sec at a signal-to-
noise ratio of 4 was achieved. The sensor was shown to determine
hydrogen in the presence of interfering species, and exhibited high
selectivity with relative standard deviation values less than 4.2%. The
results indicate that the use of RGO to anchor and photochemically
reduce POM also improved the reduction properties due to the
irregular size distribution and catalytic activity of Ag-Fe2O3 stimu-
lated by its adhesion to the distinctive POM/RGO matrix.
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Introduction

Hydrogen peroxide (H2O2) is a mediator used in food, pharmaceutical, diagnostic,
environmental protection and industrial applications (Farah et al. 2012). High levels of
hydrogen peroxide have shown to have detrimental effects on biological as well as
environment processes. It is for this reason that the accurate and sensitive detection of
H2O2 levels has become a fundamental task in different environments and for a vast
range of applications (Deng and Zuo 1999; Yusoff et al. 2017; Al-Hardan et al. 2018).
Several techniques including chromatography, colorimetry, chemiluminescence,

titrimetry, spectrophotometry, fluorimetry and electrochemistry (Keston and Brandt
1965; Bader, Sturzenegger, and Hoign�e 1988; Uchida et al. 2004; Tarvin et al. 2010; Liu
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et al. 2011; Hsu et al. 2015) have been developed to detect and measure hydrogen per-
oxide (L. Wang et al. 2013; Ma et al. 2016). However, electrochemical methods have
become more attractive due to the low cost, simple experimental set up and sensitive
and fast detection rates with reported sensitivities as high as 0.01 (mA�mM–1 cm–2) and
low detection limits ranging from 0.01 to 57 000mM (Liu et al. 2012; Liu, Weng, et al.
2017; Kumar, Chandana, et al.). To enhance the sensitivity and efficiency of electro-
chemical sensors, the electrode may be fabricated using carbon nanomaterials (Ma et al.
2019) nanostructured metal oxides, conducting polymers, and metal and metal alloy
nanomaterials composites (Teymourian, Salimi, and Khezrian 2013).
In this work, reduced graphene oxide, was employed as a specific material for electro-

chemical interrogation due to its ability to provide a large specific surface area for the
attachment and prevention of colloidal aggregation of large quantities of nanoparticles,
metals and biomolecules (Sadakane and Steckhan 1998; Miao et al. 2016).
Polyoxometalates (POMs) are stable and highly negatively charged units with fascinating
electronic and chemical versatility (Pan, Tang, and Chen 2013). POMs have strong
attraction toward carbonaceous nanomaterials such as graphene because of the possibil-
ity of electron transfer and electrostatic interactions.
Therefore, the immobilization of POMs onto as stable platform such as RGO may

increase the number of active sites which may enhance the performance in terms of
sensor applications (Xu et al. 2019). Concomitantly, the application of magnetic nano-
particles, particularly iron oxide (Fe2O3) have been extensively used in electrochemical
sensors, catalysis and biological applications. Composites of iron oxide nanoparticles
with other metals or transition metals oxide have attracted much attention due to their
ability to catalyze and enhanced electrochemical reactions.
Among these nanocomposites are silver/iron oxide nanocomposites (Ag-Fe2O3) used in

catalysis for water oxidation and for the oxidation of carbon monoxide (Narasimharao, Al-
Shehri, and Al-Thabaiti 2015). However, to our knowledge, the functionalization of POMs
with the Ag-Fe2O3 for use as electrochemical environmental sensors has received limited
attention. The interest in integrating Ag into the iron oxide composite is to explore its cap-
acity to improve the high electrical conductivity, surface area and biocompatibility (Evanoff
and Chumanov 2005). However, Ag nanoparticles aggregate, hence limiting their use.
Therefore, many reports have shown that host materials can prevent the nanoparticles

from aggregation (Xu et al. 2011; Bai et al. 2014; Bai et al. 2016). Accordingly, this
work reports the absorption of Fe2O3-Ag nanoparticle on phosphomolybdic acid
hydrate (POM); stabilized and activated by graphene oxide to form a Ag-Fe2O3-POM/
RGO functionalized nanoelectrode to promote the direct electron transfer between
H2O2 and the electrolyte with enhanced detection efficiency. This study presents the
results for the development of a cost effective, highly sensitive and selective hydrogen
peroxide sensor without the application of an enzyme.

Experimental

Chemicals and reagents

The chemicals used in this study were: graphite powder (C) extra pure purchased from
Merck Pty, sulfuric acid (H2SO4, 95.0–98.0%), potassium permanganate (KMnO4, �
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99.9%), hydrogen peroxide (H2O2, 30%), silver nitrate (AgNO3, 99.0%), polyvinyl alcohol
((C2H4O)x), isopropyl (C3H8O), phosphomolybdic acid hydrate (H3Mo12O40P�xH2O) and
ethylene glycol (C2H6O2, 99.8%). All were purchased from Sigma Aldrich.
Sodium borohydride (NaBH4, � 99.9%) and urea (CH4N2O, 95%) were obtained

from Fluka Analytical and ethanol (C2H5OH, 99.9%) and ferric chloride (FeCl3�6H2O,
99%) were from Kimix.
Graphene oxide was prepared using the modified Hummers method with minor

adjustments (Loryuenyong et al. 2013). Typically, 50mL of concentrated H2SO4 were
added to 2 g of graphite powder with stirring at standard temperature and pressure.
After cooling to 0 �C, 7 g of KMnO4 were slowly added followed by the addition of
120mL of H2O and 20mL H2O2 (30% wt.) until gas evolution stopped.
The resulting yellowish-brown suspension was extensively washed with ethanol and

water and centrifuged to remove the residual exfoliated graphite. In a typical reduction
process, 1 g of GO was dispersed in 200mL distilled water and stirred by ultrasonic
treatment for 3 hrs followed by addition of 2 g of NaBH4. The solution was then heated
from 80 to 100 �C under a water-cooled condenser for 12 h.
The obtained RGO was dried in a vacuum oven for 24 h. The POM was deposited

following a method reported earlier with slight modifications (Kim and Shanmugam
2013). In a classic process, 1 g of RGO was transferred to 800mL water containing 8mL
of ethylene glycol with sonication for 30min. To this solution, 10 g of POM were added
followed by sonication for 10-min and irradiation under 300W ultraviolet light for 2 h
to facilitate the complete photoreduction.
Subsequently, the mixture was stirred in the dark at room temperature for 48 h. A

yellowish-brown to blue-black color change was observed which indicated the formation
of the final POM/RGO product.

Construction of Ag-Fe2O3/POM/RGO nanocomposite sensor

For the synthesis of the Ag-Fe2O3/POM/RGO nanocomposite, 20mL aqueous solution
of 1.8mg mL–1 POM/RGO were mixed with 0.084 g of AgNO3 (500mM) and 0.80 g of
Fe (NO3)3�9H2O (2000 mM) with stirring for 15min. Thereafter, 1.08 g of urea
(CH4N2O) (0.018M) and 2 g of polyethylene glycol (PEG) (500 mM) were added fol-
lowed by sonication for 30min at 25 �C. The resulting solution was mixed with 80mL
distilled water and placed in a stainless-steel autoclave that was heated to 180 �C for 8 h.
The black colored product was allowed to cool at room temperature followed by suc-

cessive washing with water and ethanol. Finally, the product was dried at 60 �C in a
vacuum oven for 8 h and was labeled to be the Ag-Fe2O3/POM/RGO nanocomposite.
For comparison, untreated Ag-Fe2O3 nanocomposites were prepared under similar con-
ditions without the addition of POM/RGO.

Characterizations and apparatus

The surface morphologies of the prepared materials were probed by high resolution
transmission electron microscopy (HR TEM Tecnai F20) and scanning electron
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microscopy (SEM; Auriga HR Zeiss Oxford). The images were collected at 5 kV with a
working distance of 6mm.
Energy dispersive X-ray spectroscopy (EDXS) was used to verify the weight percen-

tages of the synthesized materials.
Fourier transform infrared spectroscopy (FTIR) was used to characterize the vibra-

tional spectra of the samples.
The structures were further interrogated by X-ray diffraction (XRD).
Electrochemical studies were performed on a PalmSens3 potentiostat/galvanostat elec-

trochemical workstation (PalmSens BV, Houten, Netherlands) monitored by the
PSTrace software. The measurements were performed at a potential window of –0.2V
to 0.8V in the presence and absence of 1mM H2O2 in an electrolyte medium of 0.5M
H2SO4 at room temperature (25 �C).
For the determination of hydrogen peroxide concentrations on the novel electrode,

cyclic voltammetry was used to determine the linear range, limit of detection, limit of
quantification, selectivity and sensitivity.

Figure 1. (a) TEM images of RGO, (b) POM/RGO and (c) the corresponding EDX analysis of the region
shown in (b).
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Results and discussion

Physicochemical characterization

The surface morphology of POM/RGO displays the RGO as highly beneficial in provid-
ing a high surface area on the glassy carbon electrode (Figure 1a). The well dispersed
H3Mo12O40P�xH2O dark spots are the POM dispersed on the RGO sheet, indicating the
strong synergy between H3Mo12O40P�xH2O and RGO substrate. The two-dimensional
elemental map of the composite in the supplementary information confirms the pres-
ence of both RGO and PMo12 by the wide-ranging distribution and of C, Mo, P, and
O. Higher phosphorus composition corresponds to areas with a higher density of
PMo12 clusters and more electrochemically active sites for electrolyte exposure, stimulat-
ing ion transfer which promotes the surface redox reactions.
The EDX spectrum of POM/RGO confirms the presence of C, from RGO and the P,

Mo and O from the POM (Figure 1b). The inset further confirms the absence of nano-
particle aggregation upon the POM-functionalized RGO with a mean diameter of ca.
2.0 nm uniformly dispersed on the surface. The literature suggests that the POM par-
ticles interact with oxygen containing functional groups of activated carbon (Yang et al.
2016; Ross et al. 2019).
The surface morphology and size distribution of the novel Ag-Fe2O3/POM/RGO

nanocomposite was further probed by transmission electron microscopy obtained at

Figure 2. (a, b) TEM images of Ag-Fe2O3/POM/RGO at two magnifications with the corresponding (c)
EDX and (d) selected area (electron) diffraction.
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different magnifications. The TEM images in Figure 2a,b show that the Fe2O3 and Ag
nanoparticles are well distributed onto the RGO sheet. The Ag nanoparticles are spher-
ical and highly dispersed upon the surface of Fe2O3. The irregular shaped Fe2O3 par-
ticles with diameters of 15.5 ± 0.5 nm and the 4 ± 1 nm Ag nanoparticles are
clearly visible.
These nanoparticles have less uniform dispersion with slight agglomeration possibly

due to longer hydrothermal reaction time (Paul et al. 2016). The elemental composition
and the structure of Ag-Fe2O3/POM/RGO were examined using EDX as shown in
Figure 2c, with no impurities observed. The selected area (electron) diffraction (SAED)
patterns further validate the high crystallinity of the Ag-Fe2O3/POM/RGO compos-
ite material.

Scanning electron microscopy. Figure 3 shows the surface morphology of the RGO nano-
sheets revealing a smooth, clearly discernible flaky surface with the randomly deposited
POM units visible on the surface of the reduced graphene oxide. The Ag-Fe2O3 nano-
particles are shown to be cubic and highly uniform in size. The Ag-Fe2O3/POM/RGO
nanocomposite appears to be composed of clustered particles approximately 100 nm in
size, covering the whole area analyzed.

Figure 3. (a) SEM images of RGO (inset: 5,500x), (b) POM/RGO (inset: 5,500x), (c) Ag-Fe2O3 nanopar-
ticles and (d) Ag-Fe2O3/POM/RGO at a 200 nm scale view and 50,000x magnification.
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SAXS analysis and comparison with the SEM and TEM images
Small angle x-ray scattering (SAXS) was used to study the nanoparticle shape, sizes and
distribution. Figure 4a shows the size distribution of the Ag-Fe2O3 nanoparticles in
terms of volume corresponding to the SEM image of Ag-Fe2O3/POM/RGO at 10 nm as
shown in the inset. A downward trajectory toward the negative region is observed with
a second peak appearing at approximately 16 nm. These measurements are good agree-
ment with the TEM results which are indicative of inhomogeneous nanoparticle
accumulation.
Figure 4b shows the size distribution in terms of the intensity (Schnablegger and

Singh 2013; Sass, Mouele, and Ross 2019) along with TEM images of the Ag-Fe2O3/
POM/RGO composite in the inset. The 16 nm sized nanoparticle is more intense com-
pared to the 3 nm sized particles. The calculated size distribution of the Fe2O3 nanopar-
ticles by the Image J software is in good agreement with the SAXS measurements. The
SAXS curve at high q values is indicative of a wider relative size distribution (Pabisch
et al. 2012; Gong et al. 2015).

Chemical characterization

FTIR analysis
FT-IR spectroscopy was used to probe the formation of the POM/RGO hybrid material
based upon the structural and conformational changes which serve as a wonderful com-
plement to the SAXS analysis. Figure 5a,b shows the GO and RGO spectra, respectively.
The spectrum of GO has a broad band at 3172 cm�1, which is due to a strong stretch-
ing mode of OH group, an absorption peak at 1630 cm�1 due to C¼C stretching mode
and peaks at 1120 cm�1, which correspond to the stretching modes of C–OH.
Conversely, for RGO, the absorption peak in the 3172 cm–1 region disappeared, which

reveals the absence of the OH group after the reduction. Concomitantly, the absorption
peak at 1047 cm–1 is attributed to C–OH which effectively exfoliated some of the partial
functional groups in GO (Goertz, Dingenouts, and Nirschl 2009).

Figure 4. (a) SAXS analysis size distribution in terms of volume and (b) the corresponding intensity of
the Ag-Fe2O3 nanoparticles. The scattering pattern is analyzed below 10� 2h, and domains in a size
range for diameters from 1 to 100 nm.
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Figure 5c,d shows the structural changes related to POM/RGO, Ag-Fe2O3 and novel
Ag-Fe2O3/POM/RGO composites. The absorption peaks at 1071, 928, 847 and 670 cm�1

in the POM/RGO spectrum are also present (1098, 941, 840 and 709 cm–1) but with
slight shifting. These are due to the oxygen functional groups in POM/RGO interacting
with the Fe2O3 nanoparticles (Xiao et al. 2015). The Ag-Fe2O3 strong absorption bands
at 540 cm–1 and 470 cm–1 due to the Fe-O bond may be observed (Paul et al. 2015; Ross
et al. 2016). These absorption bands are present in the spectrum of Ag-Fe2O3/POM/
RGO with higher intensity.
In addition, the peak at 540 cm�1 is due to the lattice absorption of iron oxide, indi-

cating the strong interactions of the nanoparticles with the ester oxygens. The weaker
absorption bands at 1473 cm–1, 1384 cm–1, and 1635 cm�1 are primarily responsible for
the reduction of Ag. These peaks are also present in the novel nanocomposite spectrum,
with the absorbance band at 1384 cm–1 associated with the stretching vibration of func-
tional groups such as -C-O-C-, -C-O-, -C¼C, C¼O (Hu et al. 2018).

X-ray diffraction
To further corroborate these findings, the chemical components and the crystalline
structure of the novel Ag-Fe2O3/POM/RGO nanocomposite were characterized by XRD.
Figure 6 shows no distinct diffraction peaks of POM in the XRD spectra of POM/RGO,
which further suggests that POM particles are highly dispersed on the surface of the
RGO in the composite (Zhang and Zheng 2017; Seham et al. 2018). The Ag-Fe2O3/

Figure 5. (a) FTIR spectra of exfoliated GO; (b) RGO; (c) (i) POM, (ii) POM/RGO and (iii) Ag-Fe2O3/
POM/RGO nanocomposite; and (d) POM and POM/RGO from 2000 to 500 cm�1. The pure POM (�)
exhibited characteristic peaks at 1054 cm�1, 964 cm�1, 834 cm�1 and 600 cm�1.
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POM/RGO has peaks at 30.3�, 35.6�, 58.7�, 62.9� and 53.7� which are assigned to dif-
fraction from the (220), (311), (400), (422) and (533) planes of rhombohedral crystalline
lattice Fe2O3 phase (JCPDS card number 33-0664).
The diffraction peaks at 38.1�, 44.4�, 48.9�, 77� and 79.4� are well indexed to the

(111), (200), (220), (311) and (222) planes of Ag cubic structure (JCPDS card number
04-0783). Additionally, the intensities of the diffraction peaks are increased in the Ag-
Fe2O3/POM/RGO nanocomposite and the diffraction peaks are slightly shifted which
may be due to the interaction between oxygen functional groups of POM/RGO and
Fe2O3 (Kumar, Chandana, et al.). The x-ray diffraction measurements demonstrate that
the Ag-Fe2O3/POM/RGO nanocomposite was successfully synthesized.

Raman spectroscopic analysis
The Raman spectra in Figure 7 of the nanocomposites of Ag-Fe2O3/POM/RGO reveals
that the ID/IG band of the Ag-Fe2O3/POM/RGO equal to 2.488 is higher compared to
that of POM/RGO equal to 1.27, indicating the presence of sp3 defects with the sp2 car-
bon network after the hydrothermal treatment (Lui et al. 2015). Concomitantly, the D
and G bands of POM/RGO are attributed to the strong interactions between RGO and
POM in the nanocomposite (Chen et al. 2013). The sharp peak around 500 cm�1 for
POM/RGO may be assigned to the symmetric �s (Mo¼O) stretching vibration of the
peroxide group; confirming the nanocomposite formation (Lu and Xie 2017).
From the Ag-Fe2O3 nanoparticle spectrum, the characteristic Fe-O bands of Fe2O3

are observed, which are centered at 402 cm–1 and 408 cm–1. These peaks are also
observed in the spectrum of Ag-Fe2O3/POM/RGO but with a slight shift to 403 cm–1

and 483.70 cm–1, which confirm the formation of Fe2O3 nanoparticles in the novel com-
posite (Velicky et al. 2014; Lou et al. 2016). The Ag-Fe2O3/POM/RGO spectrum also
displayed a vibration band at 281 cm–1 that may be assigned to a Ag-O mode and a

Figure 6. XRD spectrum of POM/RGO, Ag-Fe2O3 nanoparticles and Ag-Fe2O3/POM/RGO
nanocomposites.
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vibration band at 1117 cm–1 for the Ag mode. These results confirm the successful
hydrothermal synthesis of the Ag-Fe2O3/POM/RGO composite.

Electrochemical analysis

Cyclic voltammetry (CV)
To conduct cyclic voltammetric measurements, 3 mL of POM/RGO suspension dispersed
in 1mL ethanol solution were drop coated onto a GCE and dried at room temperature
to form the POM/RGO/GCE. Figure 8a shows the cyclic voltammogram of the
untreated GCE and POM modified GCE. Across the potential range from þ 0.8 to
–0.2V, the untreated electrode shows no visible electrochemistry. However, the POM/
RGO modified GCE shows three reversible redox couples.
The POM/GCE and POM/RGO/GCE electrodes displayed comparable electrochemical

performance. However, due to the high surface area and electronic conductivity of the
RGO, enhanced electron-transfer kinetics is evident in the latter (Manivel and Anandan
2011). Therefore, the results demonstrate that the interaction between the POM and the
RGO stabilized the molecular anions and prevented them from leaching (Wang
et al. 2014).
Figure 8b shows a cyclic voltammogram of the POM/RGO modified GCE in 0.5M

H2SO4. At different scan rates, three reversible redox peaks and one weak irreversible
peak at E1/2 0.35 V, 0.21V and –0.1V were observed with a peak potential separation
of approximately 60mV. Redox peaks one, two and three corresponds to the reduction
and oxidation via two-, four-, and six-electron processes, respectively, which are
described by the following equations (Ivanova and Zamborini 2010):

PMo12O
3�
40 þ 2e� þ 2Hþ ! H2PMo12O

3�
40 (1)

H2PMo12O
3�
40 þ 2e� þ 2Hþ ! H4PMo12O

3�
40 (2)

Figure 7. (a) Raman spectra of POM/RGO, (b) Ag-Fe2O3 nanoparticles and (c) Ag-Fe2O3/POM/RGO at
excitation wavelengths of 533 nm, 632.8 nm and 632.8 nm, respectively.
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H4PMo12O
3�
40 þ 2e� þ 2Hþ ! H6PMo12O

3�
40 (3)

The peak currents are proportional to the scan rate as shown in Figure 8c, with a linear
relationship observed between the anodic and cathodic peak currents as a function of
(scan rate)1/2; supported by R2 values of 0.9598 for the cathodic and 0.9676 for the
anodic reaction for redox couple 2. These results demonstrate that the reaction of POM
on the surface of RGO was a diffusion-controlled process.
Figure 8d shows the electrochemistry of Ag-Fe2O3/POM/RGO drop coated onto a

GCE. The modified electrode (Sensor) was cycled in the 0.5M H2SO4 solution at scan
rates from 10mV/s to 100mV s�1. The figure shows that as the scan rate is increased,
there is an enhancement in the current. The cyclic voltammogram shows three redox
peaks, two anodic peaks and one cathodic peak. The anodic peak potential is propor-
tional to the square root of scan rate with the regression equation:

Ip2 lAð Þ ¼ 2:5659
mV
s

� �1
2

� 6:517 (4)

with R2 equal to 0.988.

Figure 8. (a) Cyclic voltammograms of POM, GCE and POM/RGO cycled at 30mV s–1. (b) POM/RGO/
GCE as a function of scan rate. (c) Peak current plot for the determination of the diffusion coefficient
with R2 equal to 0.9598 for the cathodic and 0.9676 for anodic plots, respectively. (d) Scan rate char-
acterization for Ag-Fe2O3/POM/RGO/GCE from 10 to 100mV s–1 in 0.5M H2SO4. The inset shows the
Randles-Sevcik plot for oxidation peak potentials Epa1, Epa2 and reduction peak potential, Epc.

ANALYTICAL LETTERS 2455



Well-defined redox peaks Epa1 and Epc were observed at 0.57V and –0.08V which
corresponds to the Fe3þ/Fe2þ couple (Zhang et al. 2016; Liu, Weng, et al. 2017). The
obvious peaks in the CV of the composite confirm that the reaction arising from Fe2O3

nanoparticles provides a major contribution on the sensor’s performance. The highly
dispersed Ag-Fe2O3 in the composites is beneficial for electrocatalytic reduction of
H2O2 because more active sites are available. The diffusion coefficient of the electron
through the composite sensor material was determined using the Randle-Sevcik equa-
tion:

Ip ¼ 2:69 � 105n
3=2ACD

1=2v
1=2 (5)

where Ip is the maximum current, n is the number of electrons transferred in the redox
event, A is the area of the glassy carbon electrode (0.071 cm2), C is the concentration
(mol/cm3), D is the diffusion coefficient (cm2/s), and v is the scan rate (V/s).The diffu-
sion coefficient was determined to be 2.35� 10�4 cm2 s�1. This value is consistent with
literature reports (Peng et al. 2012; Sass, Mouele, and Ross 2019), indicating that the
Ag-Fe2O3 nanoparticles on the surface of the RGO sheets improved the electrocatalytic
properties due to the large electro-active area as well as providing more pathways for
electrolyte ion diffusion.

Electrochemical impedance spectroscopy (EIS)
Figure 9 shows the Nyquist plot of the (a) Ag-Fe2O3 nanoparticles, (b) POM/RGO and
(c) Ag-Fe2O3/POM/RGO in 0.5M H2SO4 solution. To support the influence of the
POM, the Nyquist plots of (d) RGO modified GCE and (e) bare GCE are also shown
with their corresponding Rct values of 380.4 and 18.4 X, respectively. Upon electrode

Figure 9. Nyquist plots: real impedance change (Zre) as a function of the imaginary impedance
change (jZimj) of the (a) Ag-Fe2O3 nanoparticles, (b) POM/RGO, (c) Ag-Fe2O3/POM/RGO, (d) RGO/GCE
and (e) GCE in 0.5M H2SO4. The inset shows the Randles circuit consisting of the solution resistance
(R1), charge transfer resistance (R2), constant phase element (CPE1) and the Warburg element (Wo1).
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modification with the Ag-Fe2O3 nanoparticles and POM, charge transfer resistance (Rct)
values of 81 X and 54 X were obtained, respectively. These values reveal that the charge
transfer resistance for Ag-Fe2O3 and POM modified GCE is lower than for the unmodi-
fied GCE due to the improved electron transfer and enhanced electron shuttling
between the reactant and electrode surface.
The synergy between the POM/RGO and the nanoparticles were further confirmed

by the lowering of the electron-transfer resistance value to 7 X following the addition of
Ag-Fe2O3 nanoparticles upon the POM/RGO/GCE surface. These results are indicative
of the excellent electrochemical behavior of the Ag-Fe2O3 induced by the firmly anch-
ored POM with optimum surface area. The experimental results were fitted to a stand-
ard Randles equivalent circuit (inset) which is composed of the solution resistance (R1),
charge transfer resistance (R2), constant phase element (CPE 1) and Wo1 for the
Warburg element. This process models the influences of diffusion and concentration
gradients at the film interface.

Application of the AgFe2O3/POM/RGO nanocomposite as a platform for the
determination of H2O2

Voltammetric response
Figure 10 shows the electrochemical reduction of H2O2 by the Ag-Fe2O3/POM/RGO/
GCE sensor. The cyclic voltammogram of Ag-Fe2O3/POM/RGO/GCE in nitrogen-satu-
rated 0.1M phosphate buffer at pH 6.8 at 30mV s�1 exhibits the highest reduction

Figure 10. Electrochemical reduction of H2O2 by Ag-Fe2O3/POM/RGO/GCE in nitrogen at pH 7.4. The
concentrations of H2O2 were (a) 0, (b) 0.3, (c) 0.6, (d) 0.9, (e) 1.3, (f) 1.6, (g) 1.9, (h) 2.3, (i) 2.6, and (j)
2.9mM at a scan rate of 0.03 V s�1. The inset shows the calibration relationship for H2O2 at the
Ag-Fe2O3/POM/RGO/GCE.
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activity toward hydrogen peroxide at –0.55V versus the saturated calomel electrode
(SCE). The results showed that when 0, 0.3, 0.6, 0.9, 1.3, 1.6, 1.9, 2.3, 2.6, and 2.9mM
H2O2 were added, the reduction potential was shifted to more negative values indicating
an irreversible reduction process with increased current responses (Qi and Zheng 2016).
The cathodic peak current showed a linear relationship with the concentration (R2 equal
to 0.992) and the linear correlation was described by the following relationship (Bard
and Faulkner 2001):

I lAð Þ ¼ �76:6 H2O2½ � mMð Þ � 4:22 (6)

The Ag-Fe2O3/POM/RGO/GCE sensor displayed excellent catalytic performance for
the reduction of hydrogen peroxide. The optimum working potential for the H2O2

reduction upon the modified electrode was determined by measuring the current of the
electrodes at working potentials between 0 and –1.0V.

Amperometric response of the Ag-Fe2O3/POM/RGO electrode for the determination
of hydrogen peroxide
Figure 11 shows the amperometric response of the Ag-Fe2O3/POM/RGO sensor at
–0.55V versus the saturated calomel electrode as a result of the successive addition of
H2O2 to a stirred 0.1M phosphate buffer solution at pH 6.8. The response time was less
than 5 s. The current increased linearly with an enhanced hydrogen peroxide concentra-
tion from 300 to 3000mM. The reproducibility of the prepared electrode was elucidated
from its current response using six separately prepared electrodes using the same prep-
aration protocol.

Figure 11. Current–time responses of Ag-Fe2O3/POM/RGO with the subsequent addition of H2O2 into
0.1M phosphate buffer solution at pH 6.8 and –0.5 V. The inset shows the calibration response of the
developed sensor.
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The electrode was further evaluated in terms of hydrogen peroxide determination by
the analysis of samples from a local river as shown in the supplementary information.
Low relative standard deviation values ranging from 0.9 to 4.2% were obtained. The
results demonstrate excellent sensitivity and repeatability for the Ag-Fe2O3/POM/
RGO electrode.
The sensor provided a linear response to hydrogen peroxide with a relative standard

deviation equal to 1.8% for four replicates. The calibration relationship was described
by:

I ¼ �82:88 lA �mM�1
� �

þ 2:3 R2 ¼ 0:9921ð Þ (7)

The limit of quantification (LOQ) and the limit of detection (LOD) for the Ag-Fe2O3/
POM/RGO electrode were determined by the following relationships:

LOD ¼ 3SD
b

(8)

LOQ ¼ 10SD
b

(9)

where b is the slope of the calibration curve and SD is the standard deviation of the
blank solution. The limits of detection and quantification were determined to be 0.2 mM
and 0.66 mM, respectively. The comparison with literature reports shown in Table 1
indicates that the present sensor has better or comparable analytical figures of merit
than most of the previously described devices for the determination of hydro-
gen peroxide.
Concomitantly, the influence of interferences upon the determination of hydrogen

peroxide was characterized. Figure 12 shows the current-time response of the Ag-
Fe2O3/POM/RGO electrode that was obtained by the consecutive introduction of H2O2

and common interfering species such as uric acid (UA), glucose and ethanol (Shaikh,
Parida, and B€ohm 2016; Yang et al. 2016) into 0.1M phosphate buffer at pH 6.8.
When 300 mM of H2O2 were added, the current response increased significantly.

However, following the introduction of uric acid (UA), glucose and ethanol, the
response current was unaffected. The introduction of additional concentrations of H2O2

significantly increased the response. The signals due to the potentially electroactive
interfering species are negligible which indicates that Ag-Fe2O3/POM/RGO electrode

Table 1. Comparison of the performance of the Ag-Fe2O3/POM/RGO sensor with recently reported
sensors for hydrogen peroxide detection.

Electrode modification
Sensitivity

(mA mM–1 cm-2)
Linear

range (mM)
Detection
limit (mM) Reference

Ag nanoparticles/polydopamine
/graphene nanocomposites

140 0.005–997 0.68 Zhi-Min Ma
et al. (2019)

Polyoxometalate/reduced graphene
oxide composite

95.6 100–2� 104 1.02 Yang et al. (2016)

Silver nanoparticles/magnetic ferrous
ferric oxide matrix

135 0.5–4� 103 0.2 Qi and Zheng (2016)

Silver-ferric oxide/phosphomolybdic
acid hydrate/reduced graphene
oxide composite

271 0.3–3� 103 0.2 This work
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has superior selectivity for H2O2. The use of a negative working potential at –0.55V
allowed the construction of an interference-free Ag-Fe2O3/POM/RGO electrode.

Conclusion

Phosphomolybdic acid (H3PMo12O40) anchored onto reduced graphene oxide provided
a catalytically stable environment for highly dispersed Ag-Fe2O3 for the construction of
a sensitive and selective non-enzymatic electrochemical sensor for hydrogen peroxide.
The enhanced electrocatalytic ability is attributed to the larger surface area, enhanced
conductivity and electron kinetics of the sensor components. The Ag-Fe2O3/POM/RGO
electrode exhibited good repeatability, reproducibility and selectivity for the determin-
ation of hydrogen peroxide. No significant current changes were observed for 1mM
H2O2 in the presence of potential interferences. The low relative standard deviation val-
ues ranging from 0.9 to 4.2% in real samples with efficient signaling for H2O2 demon-
strates promise for future use as a nonenzymatic sensor for the analysis of
environmental water samples.
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