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H I G H L I G H T S  

• Fabrication sensor based on rGO functionalized with SDBS, Fe3O4 and Ni nanoparticles. 
• Ni–Fe3O4@s-rGO used for electrochemical H2O2 detection with LOD 0.2 μM. 
• Synergistic effect between Ni and Fe3O4 improved their catalytic activity for H2O2 sensing.  
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A B S T R A C T   

In this work, we report the synthesis of a novel non-enzymatic H2O2 electrochemical sensor based on reduced 
graphene oxide functionalized with sodium dodecylbenzenesulfonate (SDBS) and Fe3O4 and modified with Ni. 
The Ni–Fe3O4@s-rGO catalyst was synthesized via chemical reduction synthesis of graphene in the presence of 
SDBS following two solvothermal processes. To expose the sensor performance of Ni–Fe3O4@s-rGO, s-rGO, Ni@s- 
rGO, Fe3O4@s-rGO were also synthesized. Fabricated electrodes were characterized by Transmission Electron 
Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), mapping, 
X-ray Powder Diffraction (XRD), Raman and Uv–vis Spectroscopy. After characterization analyses, thanks to 
SDBS contribution, the graphene layer has a larger surface area, and Ni and Fe3O4 deposited on the graphene 
layer with nano sizes (approximately 20 nm) and homogenously. Tauc plot result showed that Ni decreased the 
band gap of Fe3O4 from 2.6 eV to 1.83 eV so enhanced the charge mobility. This result is also supported by 
electrochemical impedance spectroscopy (EIS). The fabricated catalyst performance for H2O2 detection was 
investigated via cyclic voltammetry (CV), and amperometric measurement. Under the optimal conditions, the 
Ni–Fe3O4@s-rGO catalyst exhibited a low detection limit of 0.2 μM (S/N = 3) with a wide linear range from 1 μM 
to 1000 μM, with a sensitivity of 6012 mA M− 1 and showed good selectivity towards H2O2.   

1. Introduction 

Hydrogen peroxide has been used widely in a variety of industrial 
applications, including chemical, food, pharmaceutical, environmental 
detection, biotechnology, and clinical medicine [1]. However, redun-
dant H2O2 levels can be harmful effects on the environment and living 
cells [2]. Therefore rapid, safe, selective, sensitive, and reliable deter-
mination of H2O2 is crucial issue. Although many analytical techniques 
have been developed for the determination of H2O2, the electrochemical 
method is a promising candidate because of its rapid response, simple 
instrumentation, pH-independent, high selectivity, sensitivity, and sta-
bility [3]. Designing a high sensitive catalyst toward H2O2 largely 

depends on fabricating a new material that has high conductivity, sta-
bility, and large surface area. 

Due to its large surface area graphene has been used commonly as a 
supporting material for the deposition of metal and metal oxide [4]. 
Although graphene has good conductivity, it must be modified with high 
price elements such as Pt and Au, which increase the reaction kinetics, to 
increase the selectivity towards H2O2 [5,6]. On the other hand proper-
ties of graphene such as its conductivity, surface area etc can be 
improved with doping process. The aim of doping process is function-
alization to GO. Up to now, for functionalization to GO, heteroatoms (N, 
S, B, P) have been used widely [7]. Apart from heteroatoms, surfactant 
molecules (SDBS, SDS Triton) are promising dopants for the 
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functionalization of GO because they improve the conductivity of the 
graphene layer [8]. The recent study showed that the functionalized 
graphene layer with SDBS, SDS, and Triton-x, has a conductivity to be 
approximately 108 S/m, 95 S/m, and 98 S/m, respectively. It is reported 
that interaction between graphene and SDBS is stronger than in other 
surfactant molecules. In addition, SDBS is an anionic surfactant that is 
acks as an exfoliator causing an increase in the defect of the graphene 
layer [9]. 

Although, when graphene is used as a supporting material for metal 
and metal oxide deposition the agglomeration problem is dissolved, the 
particles deposition on graphene is much smaller when functionalized 
with SDBS [10]. Obtaining nanoparticle sizes is an essential issue 
because it promotes the catalytic activity of the catalyst due to enhance 
the active surface area. 

Fe3O4 has been synthesized commonly with SDBS for decreasing and 
controllable particle size. Fe3O4 has been used widely varying research 
areas including the sensor applications due to its biocompatibility, low 
toxicity, outstanding stability, and exceptional magnetic characteristics 
[11]. Combinations of some transition metal oxides and metals exhibit 
synergistic effect that improves the reaction kinetics. It is reported that 
these combinations also increase the sensor’s sensitivity toward H2O2. 
For example, Karatekin et al. showed the synergistic effect between Pt 
and ZnO affects the H2O2 detection [12]. The researchers found that the 
electrode sensitivity towards H2O2 changed depending on the amount of 
ZnO in Pt–ZnO. Wu and et all investigated the effect of Au–CeO2 com-
bination on H2O2 sensing. They reported that the synergistic effect of 
CeO2 and Au atoms resulted in high catalytic activity and stability to-
wards H2O2 reduction [13]. In addition, Ni–Fe3O4 is the other 
metal-metal oxide combination also shows a synergistic effect, because 
Ni-doped Fe3O4 strongly affects the microstructure, crystal structure and 
energy band gap [14,15]. Even though there are many studies reported 
concerning the application of Ni–Fe3O4 combination, this is the first 
report about the synthesis of Ni–Fe3O4@s-rGO with SBDS and its 
application as a nonenzymatic electrochemical H2O2 sensor. 

2. Material and methods 

2.1. Materials 

Graphite powder (325 mesh), iron(III) chloride hexahydrate 
(FeCl3.6H2O), sodium acetate (NaAc), sodium dodecylbenzene sulfonate 
(SDBS), 80% hydrazine (N2H4) solution, Nickel(II) chloride hexahydrate 
(NiCl2.6H2O), sodium hydroxide (NaOH), ethanol, methanol, sulfuric 
acid (H2SO4) and ethylene glycol were purchased from Sigma Aldrich. 
Nafion (15% wt) solution was purchased from Ion Power. All aqueous 
solutions were prepared with ultrapure water (Millipore, 18.2 MΩ cm). 

2.2. s-rGO synthesis 

Primarily, graphene oxide (GO) was synthesized with Hummer’s 
method [16]. Then, 150 mg GO was dispersed in 120 mL bi-distilled 
water, and 140 mg sodium dodecylbenzene sulfonate (SDBS) was 
added to the GO solution and mixed again in a sonic bath. After 
obtaining a completely homogeneous solution, 80% hydrazine (N2H4) 
solution was added. This prepared solution was left on a magnetic stirrer 
for 24 h. This solution obtained after 24 h was directly used to synthesize 
Fe3O4@s-rGO [17]. 

2.3. Fe3O4@s-rGO synthesis 

1.35 g iron(III) chloride hexahydrate (FeCl3.6H2O) and 3.60 g so-
dium acetate (NaAc) were weighed and dissolved in 32 mL of ethylene 
glycol. Then, 50 ml of the previously prepared rGO solution was added 
to this solution and mixed in a magnetic stirrer for 15 min. After 15 min, 
it was kept in a Teflon-lined autoclave at 180 ◦C for 18 h. After 18 h, it 
was centrifuged and left to dry in the drying oven. 

2.4. Ni– Fe3O4@s-rGO synthesis 

Firstly, 50 mg of Fe3O4@s-rGO and 236 mg of nickel chloride 
hexahydrate (NiCl2.6H2O) were weighed and dissolved in 60 ml of 
ethylene glycol. In a different beaker, 0.5 g of sodium hydroxide (NaOH) 
was dissolved in 10 mL of 80% hydrazine (N2H4). When the two solu-
tions were completely dissolved, they were combined and transferred to 

Fig. 1. SEM images of the rGO, s-rGO, Fe3O4@s-rGO and Ni–Fe3O4@s-rGO catalyst.  
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a magnetic stirrer for mixing 15 min. And then, the solution was taken 
into a Teflon-lined autoclave at 200 ◦C for 1 h. Finally, after 1 h, it was 
centrifuged and left to dry in the drying oven. 

2.5. Ni@s-rGO synthesis 

236 mg of nickel chloride hexahydrate (NiCl2.6H2O) was weighed 
and dissolved in 60 ml of ethylene glycol. Also, 0.5 g of sodium hy-
droxide (NaOH) was dissolved in 10 mL of 80% hydrazine (N2H4) in a 
different beaker. These two solutions were combined and mixed on a 
magnetic stirrer for 15 min. After 15 min, the solution was taken into a 
Teflon-lined autoclave at 200 ◦C for 1 h. Finally, after 1 h, it was 
centrifuged and left to dry in the drying oven. 

2.6. Electrochemical measurement 

The catalyst solutions, consisting of catalyst powder, 2-propanol, and 
Nafion solution, were carefully dropped on the glassy carbon electrode 
with a catalyst loading. 

The performances of the resultant catalysts were measured using 

potentiostat/galvanostat (CHI–660C) in a standard three-electrode 
configuration electrochemical cell. The experiments were done with 
three-electrode cells, including an Ag/AgCl (3 M KCl) as the reference 
electrode, a Pt wire as the auxiliary electrode, and a GCE as the working 
electrode. The impedance spectroscopy measurement was recorded 
within the frequency range of 10− 1 -105 Hz in 0.1 M PBS including 20 
mM H2O2. The amplitude of the applied sine wave potential was 5 mV 
with the direct current potential set at open circuit potential (OCP). 

3. Results and discussion 

3.1. SEM analysis 

The SEM images of rGO, s-rGO, Fe3O4@s-rGO and Ni–Fe3O4@s-rGO 
are shown in Fig. 1. In contrast smooth outlook of rGO, s-rGO has a 
lamellar structure that provides a large surface area for deposition of 
Fe3O4 and Ni particles. As shown in Fig. S1, the particle size of 
Ni–Fe3O4@s-rGO (38–45 nm) is larger than Fe3O4@s-rGO particle sizes 
(18–25 nm). This result implies Ni nanoparticles grew on the Fe3O4 
nanoparticles. According to the EDX analysis, observed elements (C, O, 

Fig. 2. EDX analysis of a) Fe3O4@s-rGO and b) Ni–Fe3O4@s-rGO catalysts.  

Fig. 3. Elemental mapping of C, O, Fe and Ni.  
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Fe and Ni) indicate catalysts were fabricated successfully. In both EDX 
spectrum (Fig. 2), S atom was observed that belongs to the SDBS. 
Additionally, the decreasing O content in Fe3O4@s-rGO from 23 to 8.31 
accompanied by the synthesis of Ni–Fe3O4@s-rGO implies that deoxy-
genation enhanced after two solvothermal processes. Moreover, map-
ping (Fig. 3) and TEM (Fig. 4) analysis show that nanoparticles dispersed 
on the graphene layer homogeneously. 

3.2. UV–vis measurement 

The absorbance spectrum of GO, rGO and s-rGO recorded by using 
Uv–vis spectrophotometer was shown in Fig. 5. In figure, the typical 

absorbance spectrum of GO was observed. This spectrum shows two 
peaks at 228 nm and 302 nm indicating electronic transitions from π-π* 
and n- π* orbitals, respectively [18,19]. The absorbance spectrum of the 
obtained rGO after deoxygenated shows a single peak at 272 nm that can 
be correlated to the π-π* orbital transition [20]. This peak indicates 
reduced graphene oxide synthesized successfully. However, comparing 
rGO, s-rGO spectrum includes an extra peak (*) at 223 nm relating to 
SDBS. Additionally, the peak that belongs s-rGO at 272 shifted to a lower 
wave number step by step after s-rGO modified Fe3O4 and Ni respec-
tively. This result indicates that Ni and Fe3O4 interact with the graphene 
layer. 

The band gap is the minimum energy required to excite electrons 
participating in conduction and it can be determined via Tauc plot [21]. 
Fig. 5c shows Tauc plot of the Fe3O4@s-rGO and Ni–Fe3O4@s-rGO 
samples and the determined band gap value is 2.6 eV and 1.83 eV, 
respectively. The decrease the band gap is maybe related to create new 
impurity levels between the VB (valance band) and CB (conductivity 
band) due to the presence of Ni ions in the Fe3O4 medium [22]. The 
narrow optical band gap promotes an increase in the charge mobility 
and that indicates Ni addition enhances the charge mobility [23]. 

3.3. Raman analysis 

Raman spectra of GO, rGO and s-rGO are shown in Fig. 6a. Each 
spectra exhibits D and G band related to the degree of defects and the sp2 

carbon atom bonding vibration in the graphene layer, respectively. The 
ratio of the intensities of the D and G bands (ID/IG) provides information 
about the degree of defects of graphene [24]. Defect densities affect 
graphene’s mechanical properties as well as its thermal and electrical 
conductivity [25]. The ID/IG value of GO, rGO, and s-rGO, 0.9, 1.0 and 
1.1, respectively (Table 1). After the graphene was deoxygenated and 
doped with SDBS, the degree of defects increased step by step due to the 
increase the intensity of the functional group on the graphene layer. 
Therefore, this situation enabled the formation of active sites on the 

Fig. 4. TEM result of Ni–Fe3O4@s-rGO  

Fig. 5. UV/vis spectrophotometric measurement of a) SDBS, GO, rGO, s-rGO and b) s-rGO, Fe3O4@s-rGO and Ni–Fe3O4@s-rGO samples and c) Tauc plot of the 
Fe3O4@s-rGO and Ni–Fe3O4@s-rGO samples. 
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s-rGO surface for the homogeneous deposition of Fe3O4 and Ni. Raman 
spectra of Fe3O4@s-rGO and Ni–Fe3O4@s-rGO can be seen in Fig. 6b and 
their ID/IG value is listed as 1.02 and 0.95 in Table 1. When the gra-
phene layer is modified with Fe3O4 and Ni, respectively, mentioned 
value is decreased gradually indicating defect sites may be recovered by 
Ni and Fe3O4 and/or reduction of sp3 to sp2 carbon during the 
hydro-thermal process. Also, after doping Fe3O4@s-rGO with Ni, it was 
observed that the D band shifted to the red region accompanied by an 
increase in the stretching of the carbon-carbon bond [26]. 

3.4. XRD analysis 

To compare the structural properties of GO, rGO and s-rGO, the XRD 
spectrum of each is shown in Fig. 7a. The peak at 2θ = 11.8◦ seen in the 
XRD pattern, is related to the (001) plane of GO [27,28]. After the 
deoxygenation of GO, a new peak appeared at 2θ = 26◦ corresponding to 
the graphite (002) reflection indicating the π-conjugated structure of 
graphene has been formed considerably at the produced rGO [29]. The 
peak was observed at 18◦ belonging to s-rGO shifted to lower degrees 
compared to rGO. This shift can be related to an increasing distance 
between rGO layers due to SDBS has long alkyl chains intercalated be-
tween the graphene layers [30]. 

The XRD spectrum of Fe3O4@s-rGO and Ni–Fe3O4@s-rGO are illus-
trated in Fig. 7b. The spectrum of Ni–Fe3O4@s-rGO at 2θ = 30.26◦, 
35.2◦, 37.1◦, 43.10◦, 53.66◦, 57.11◦, 62.54◦, and 74◦ were assigned to (2 

2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0) and (6 2 2) plane of 
Fe3O4, respectively, indicating that the samples had a cubic structure 
[31]. The other observed peak at 44.4◦, 51.9◦ and 76.3◦ is related to (1 1 
1), (2 0 0) and (2 2 0) plane of cubic structure of Ni [32]. It was observed 
that after Ni deposition on Fe3O4@s-rGO, the structure of Fe3O4 didn’t 
change that indicating Fe3O4 particles preserve their stability. In addi-
tion, according to the two spectrums results no contamination was 
observed. 

Additionally, the crystallite sizes of catalysts were calculated using 
the Scherer equation: 

Dhkl =
Κλ

β cos θ
(1)  

where K is a constant of 0.9, β is the full width at half maximum (FWHM) 
in radians, λ is the wavelength of the X-ray used (1.5406 Å), and θ is the 
Bragg angle [33]. The grain size of Fe3O4 in Fe3O4@s-rGO catalyst and 
the grain size of Ni in Ni–Fe3O4@s-rGO catalyst was calculated as 21.68 
nm and 19.9 nm, respectively (Table 2). These values supported the 
estimated particle size obtained from the SEM image. 

Furthermore, from the XRD data the microstrain value of s-rGO, 
Fe3O4@s-rGO and Ni–Fe3O4@s-rGO were estimated using Stokes-Wilson 
equation (ϵ = β/4 tan θ). It is reported that a strain density in the gra-
phene affects its properties [34]. The high-level strain means increasing 

Fig. 6. Raman spectra of a) GO, rGO, s-rGO and b) Fe3O4@s-rGO, Ni–Fe3O4@s-rGO  

Table 1 
ID/IG value of GO, rGO ve s-rGO, Fe3O4@s-rGO and Ni–Fe3O4@s-rGO  

Catalyst GO rGO s-rGO Fe3O4@s-rGO Ni–Fe3O4@s-rGO 

ID/IG 0.9 1.0 1.1 1.02 0.95  

Fig. 7. XRD patterns of the a) GO, rGO, s-rGO and b) s-rGO, Fe3O4@s-rGO, Ni–Fe3O4@s-rGO catalyst.  

Table 2 
The grain sizes of the samples.  

Sample Name hkl 2θ (deg) FWHM (deg) D (nm) 

Ni (111) 44.4 0.431 19.9 
Fe3O4 (311) 35.2 0.349 21.68  
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the defect on the graphene layer. Fig. S2 shows while the microstrain 
value of s-rGO was 55.6, it decreased to 11.9 and 9.1, after deposition 
with Fe3O4 and Ni–Fe3O4, respectively. As shown in Fig. 7b, graphite 
(002) peak intensities for s-rGO got increased and sharpened after Fe3O4 
and Ni–Fe3O4 deposition. Also, this result shows that the crystallinity of 
graphene increases with the decrease of microstrain values [35]. 

3.5. Electrochemical measurement 

The electrochemical characterization of all fabricated catalysts was 
examined by cyclic voltammetry in the 0.1 M PBS. GCE was modified 
with s-rGO, Fe3O4@s-rGO, Ni@s-rGO and Ni– Fe3O4@s-rGO respec-
tively and their electrochemical performance are shown in Fig. 8. It is 

observed that the current response of catalysts is change as follows GCE 
< s-rGO < Fe3O4@s-rGO < Ni@s-rGO < Ni–Fe3O4@s-rGO. 

Fe3O4 nanoparticles improved the current response of s-rGO by 
increasing the conductivity and surface area of graphene through the 
interaction between graphene and metal nanoparticles. The better cur-
rent response of Ni@s-rGO compared to Fe3O4@s-rGO can be inter-
preted as the interaction between Ni and graphene layer is stronger than 
Fe3O4, thus increasing the mobility of electrons. Additionally, 
Ni–Fe3O4@s-rGO has the highest current response due to synergistic 
effect between Ni and Fe3O4. As earlier mentioned, Ni additive to Fe3O4 
decreases the band gap that indicates promotes the electron transfer, 
and thus enhances the reaction kinetics. 

Fig. 8b illustrates the electrochemical performances of GCE, s-rGO, 

Fig. 8. CV curves of the bare GCE, s-rGO, Fe3O4@s-rGO, Ni–Fe3O4@s-rGO and Ni@s-rGO a) in 0.1 M PBS and b) 0.1 M PBS solution with 20 mM H2O2. Scan rate: 30 
mV s− 1. 

Fig. 9. a) CV responses of the Ni–Fe3O4@s-rGO electrode at different H2O2 concentrations (from the top: 0, 1, 2, 5 10 and 20 mM) in N2-saturated 0.1 M PBS and b) 
the plot of cathodic peak current as a function of H2O2 concentration. 

Fig. 10. a) Ni–Fe3O4@s-rGO at different potentials such as 0.55V, − 0.60V, − 0.65V and − 0.70V, b) Amperometric measurement of Ni–Fe3O4@s-rGO electrode at 
− 0.65 V (Ag/AgCl). 
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Fe3O4@s-rGO, Ni@s-rGO, Ni–Fe3O4@s-rGO in 0.1 M PBS including 20 
mM H2O2. As can be seen GCE has no notable current toward H2O2. 
However, it can be seen s-rGO, Fe3O4@s-rGO, Ni@s-rGO and 
Ni–Fe3O4@s-rGO show sensitivity towards H2O2 accompanied by the 
increasing current. Among fabricated catalysts, Ni–Fe3O4@s-rGO gives 
the highest current response in H2O2 reduction. Fig. 9a shows CV curves 
of Ni–Fe3O4@s-rGO obtained in 0.1 M PBS containing different con-
centrations of H2O2 in the potential range of − 0.7 to 0.1V. From Fig. 9a, 
it is observed that current response increased with increasing concen-
trations of H2O2. Also, the current response of the Ni–Fe3O4@s-rGO 
increases linearly with increasing H2O2 concentration from 0 mM to 20 
mM (Fig. 9b). 

Although, there are some electrochemical methods for the determi-
nation of the concentration of H2O2, amperometry has been used widely 
[36]. With this method, it can be found easily an optimum applied po-
tential that shows a higher response to H2O2 [37]. To determine an 
optimum applied potential amperometric measurement was recorded at 
different potential in N2-saturated 0.1 M PBS including excessive of 
H2O2. As seen in Fig. 10a, the maximum response for Ni–Fe3O4@s-rGO 
was obtained at ‒ 0.65 V, which exhibits a high selectivity and high 
analyte-dependent current when compared to other applied potentials. 

Fig. 10b illustrates the amperometric response of Ni–Fe3O4@s-rGO at 
− 0.65 V. For this measurement, excessive H2O2 was added in 0.1 M PBS 
saturated with N2. Each addition of H2O2 shows a response with 
increasing cathodic current and steady-state which demonstrates good 

sensing properties of Ni–Fe3O4@s-rGO electrode. From amperometric 
measurement, the relationship between H2O2 concentrations and 
recorded currents are shown in Fig. 11. The amperometric response 
(inset of Fig. 11) has a linear relationship with H2O2 concentration in the 
range of 1 μM–1000 μM, with a sensitivity of 6012 mA M− 1, a correla-
tion coefficient of 0.9995, and a low detection limit of 0.2 μM estimated 
at S/N = 3. 

3.6. Interference study 

Fig. 12a shows the amperometric response of the sensor towards 
H2O2 and different interferences such as glucose, sucrose, glycine and 
ascorbic acid (AA). Although interferences and adding of H2O2 with 
same concentrations (5 mM) to PBS, the sensor responds with notable 
current towards H2O2. Fig. 12b illustrates histogram of the current in-
tensity changes of Ni–Fe3O4@s-rGO electrode to H2O2, glucose, sucrose, 
glycine and, ascorbic acid with their error bands, respectively. From 
those results, it is concluded that the fabricated sensor has a good 
selectivity towards H2O2. 

The performances and experimental conditions of the Ni-based sen-
sors produced so far for the electrochemical detection of H2O2 are listed 
in Table 3. Among sensors, Ni–Fe3O4@s-rGO has the lowest LOD value. 
This result exhibits, the synergistic effect between Ni and Fe3O4 
enhancing the sensitivity of the fabricated sensor towards H2O 

3.7. EIS measurement 

EIS measurement provide beneficial information about electro-
chemical characterization of catalyst and its resistance. The Nyquist 
diagram of s-rGO, Fe3O4@s-rGO, Ni@s-rGO and Ni–Fe3O4@s-rGO are 
shown in Fig. 13. EIS data of each electrode was fitted via the equivalent 
circuit (EC) by using the software (ZView2). While s-rGO was fitted by 

Fig. 11. Evaluation of the limit of detection (LOD) of Ni–Fe3O4@s-rGO  

Fig. 12. a) Amperometric responses of the Ni–Fe3O4@s-rGO electrode upon additions of 5 mM H2O2, 5 mM ascorbic acid, 5 mM glycine, 5 mM glucose and 5 mM 
sucrose in 0.1 M PBS solution.,b) Histogram of the current intensity of the sensor to H2O2, glucose, sucrose, glycine and, ascorbic acid, respectively (error bars 
represent the standard deviation for three measurements.). 

Table 3 
Comparison of experimental conditions and LOD values of Ni based sensors for 
electrochemical detection of H2O2.  

Catalyst Applied potential 
(vs Ag/AgCI) 

Electrolyte 
(pH) 

LOD 
(μM) 

Ref. 

Co3O4–NiCo2O 0.55 V – 0.5 [38] 
NiMn-LDH/GO/ 

GCE 
− 0.45 V – 4.4 [39] 

TiNi/GCE 0 V 7.0 0.5 [40] 
MoO3/Ni–F -1V 13 1.2 [41] 
AuNFs/Fe3O4@ZIF- 

8-MoS2 

− 0.5 V 6.5 0.9 [42] 

GCE/Nafion/Ni 0.01 V 13 1.8 [43] 
Ni–Fe3O4@s-rGO ¡0.65 V 7.4 0.2 This 

study  
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EC which is shown in Fig. 13c, Fe3O4@s-rGO and Ni–Fe3O4@s-rGO were 
fitted by EC which is shown in Fig. 13d. As illustrated in Fig. 13, EC of 
the s-rGO consists of three CPE, and three R indicates constant phase 
element and resistance respectively, indicating this catalyst must be 
examined in three regions as low, medium and, high frequency. Actu-
ally, rGO has two resistances in the literature however for s-rGO it was 
observed with three resistances. As mentioned above, SDBS increase the 
distance between the graphene layers and that can form the extra 
resistance in the catalyst. Thus R1 and R3 are related to electrode- 
electrolyte resistance and charge transfer resistance respectively, R2 
can be belongs to the mentioned extra resistance [44]. The CPE is used 
instead of the capacitance to account for the non-ideal behavior of the 
system. For Fe3O4@s-rGO and Ni–Fe3O4@s-rGO in the low and high 
frequency it was observed two resistances. While R1 is an 
electrode-electrolyte resistance, R2 is charge transfer resistance is can be 
also called Rct. When the Rct values of all catalysts are compared, s-rGO 
has the highest resistance value (7356 Ω), indicating low charge transfer 
capability (is shown in Table 4). Additionally, Rct values of 
Fe3O4@s-rGO and Ni–Fe3O4@s-rGO is 3495 Ω and 1216, respectively (is 
shown in Table 5). Modification of Fe3O4@s-GO with Ni, leads to 
decrease of Rct, indicating that Ni improved the reaction kinetics. 
Moreover, Fig. 13b shows the logZ-log frequency plot of the all catalysts. 
At low frequency, it can be seen clearly modification reduced the 
resistance values step by step. 

4. Conclusion 

In this study, we synthesized a graphene-based electrode deposited 
with Ni and Fe3O4 nanoparticles to investigate the synergistic effect 
between Ni and Fe3O4 effect the reduction of H2O2. It was observed that 
the mentioned effect enhances the performance of the electrode 
(Ni–Fe3O4@s-rGO) toward H2O2. The Ni–Fe3O4@s-rGO catalyst was 
examined as a sensor for H2O2 detection using the amperometric 
method. According to the amperometric measurement, − 0.65V was 
found to be the best potential for sensing H2O2 accompanied by high 
current and stability. The Ni–Fe3O4@s-rGO catalyst showed an excellent 
electrochemical response to H2O2 at − 0.65 V with a low detection limit 
(0.2 μM), high sensitivity and a wide linear range. Additionally, it 
exhibited good selectivity to H2O2 in the presence of other interfering 
species. As a result, it has the potential to be used as an electrode for 
H2O2 reduction and detection. 
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Fig. 13. a) Nyquist diagram, b) log (Z)-logfrequency diagram of s-rGO, Fe3O4@s-rGO and Ni-Fe3O4@s-rGO electrodes and the equivalent circuit of c) s-rGO, d) 
Fe3O4@s-rGO and Ni–Fe3O4@s-rGO electrodes. 

Table 4 
The fitting result of s-rGO.  

Electrode Re R1(Ω) CPE1-T (F) CPE1-P R2 (Ω) CPE2-T (F) CPE2-P R3(Ω) CPE3-T (F) CPE3-P 

s-rGO 1 99.54 2.23 × 10− 8 0.970 178.1 0.01 × 10− 3 0.807 7356 1.20 × 10− 3 0.662  

Table 5 
The fitting result of Fe3O4@s-rGO and Ni–Fe3O4@s-rGO  

Electrode Re R1(Ω) CPE1-T 
(F) 

CPE1- 
P 

R2 

(Ω) 
CPE2-T 
(F) 

CPE2- 
P 

Fe3O4@s-rGO 1 138.1 1.34 ×
10− 8 

1.002 3495 0.64 ×
10− 3 

0.759 

Ni–Fe3O4@s- 
rGO 

1 93.75 0.88 ×
10− 8 

1.094 1216 2.29 ×
10− 3 

0.753  
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