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      In order to solve the disadvantages of using Fe2O3 nanoparticles in electrocatalytic processes, in this work, a series of Fe2O3/CuO hybrid 

nanostructures with different molar ratios of Fe3+ to Cu2+ ions were produced, and their structure was investigated using various methods. 

Then, the synthesized nanomaterials were used as electrode materials and heterogeneous catalysts for electrochemical detection of glucose 

in alkaline solution. The results showed that the electrode containing pure Fe2O3 shows no significant activity for glucose oxidation. Since 

Fe(III) oxide contains active electrocatalytic positions, this performance can be due to poor electrical conductivity. Investigations showed 

that when Fe2O3 and CuO nanoparticles are combined, the activity against glucose is improved by reducing the band gap and increasing the 

electrical conductivity. It was found that the ability of nanocomposites to recognize glucose depends on the molar ratios of Fe3+ and Cu2+ 

ions present in the structure, and the highest electrocatalytic performance is observed when the molar ratio of metal ions is equal. Fe2O3/CuO 

(0.5:0.5) nanocomposite shows the best activity for glucose oxidation in terms of high sensitivity, low detection limit, and wide linear range 

due to its low Tafel slope, low charge transfer resistance, high electrochemically active surface area, low band gap, and high electrical 

conductivity. In addition, this compound shows high stability, selectivity, and applicability for blood glucose detection with a reasonable 

recovery rate. In conclusion, the synergistic effects between Fe2O3 and CuO increase the number and activity of catalytic sites and rapid 

charge transfer on the electrode surface and promote the electrocatalytic activity towards glucose. 
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INTRODUCTION 
 

      Glucose, as a common carbohydrate, plays a vital role in 

most of the metabolism of the human body [1]. However, not 

controlling blood glucose and increasing it causes nerve 

damage, heart disease, and diabetes. Consequently, glucose 

measurement is essential for clinical diagnosis and self-care 

[2,3]. Several innovative techniques including luminescent 

[4-6], colorimetric [7,8], chromatography [9,10], and 

electrochemical methods [11,12] have been described for 

glucose detection. Among them, the electrochemical 

technique  with  high  sensitivity,  portability, and affordable  
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cost is the most attractive method [13]. The electrochemical 

measurement of glucose can be done in two categories: 

enzymatic and non-enzymatic [14]. Enzymes such as glucose 

oxidase, hexokinase, and glucose dehydrogenase are used in 

enzymatic glucose detection [15]. However, despite their 

high sensitivity and selectivity, enzymatic glucose biosensors 

face challenges such as immobility, temperature, pH 

sensitivity, and limited active sites on material surfaces. 

Therefore, their catalytic activity decreases with changes in 

temperature, humidity, pH, and the presence of organic 

substances [16,17]. On the other hand, non-enzymatic 

sensors use the direct oxidation of glucose on the surface of 

the electrodes without the participation of enzymes. Also, 

non-enzymatic sensors are cost-effective, sensitive, and long- 
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term stable. These advantages make non-enzymatic sensors 

reliable and attractive for glucose monitoring tools [18]. So 

far, various nanostructures such as metal oxides [19], LDHs 

[20], carbon-based nanomaterials [21], MOFs [22,23], and 

polymers [24] have been reported as non-enzymatic glucose 

sensors. However, first-row transition metal oxides have 

received more attention due to their stability, high 

abundance, and low cost [25]. Among them, magnetic Fe2O3 

is more favorable as a sensor due to its selective 

electrocatalytic activity, good thermal conductivity, and 

biocompatibility [26]. However, Fe2O3 has poor hole 

mobility and its catalytic activity is limited due to poor 

electrical conductivity [27]. One of the main approaches to 

increase the catalytic activity of catalysts is to create 

heterogeneous binary nanostructures. In this way, the 

products exhibit the intrinsic properties of each metal oxide. 

Also, some characteristic features such as the number of 

active sites and the electrochemically active surface area 

(ECSA) are developed [28]. So far, to improve the 

electrocatalytic activity of iron oxides against glucose, 

various nanostructures based on Fe2O3 have been 

investigated. These include porous p-NiO/n-Fe2O3 

heterostructures [29], NiFe2O4/NiCoLDH@rGO [30], 

ZnFe2O4/α-Fe2O3 [26], g-C3N4/α-Fe2O3 [31], graphene 

foam/α-Fe2O3 [32], Fe3O4/rGO [33], Fe2O3 ZNRs [34] and so 

on. However, in these studies, sensors have shown 

limitations, such as narrow linear range or low sensitivity. 

      To overcome these drawbacks, CuO is a good candidate 

to combine with Fe2O3. CuO shows high application potential 

in glucose sensing due to its high p-type conductivity (band 

gap: ~1.35 eV), excellent catalytic activity, abundance in 

nature, high electron affinity (4.05 eV), and high ability to 

increase electrical conductivity [35,36]. In addition, copper 

oxide can prevent the poisoning of the catalyst surface during 

the reaction. So far, several researches have been conducted 

on glucose oxidation with CuO-containing electrocatalysts. 

For example, studies have shown that binder-free CuO/Cu2O 

nanosheets decorated on Cu foil, which have large surface 

area and high conductivity, can be good candidates for 

glucose detection with high sensitivity and low detection 

limit of 1.541 mA mM-1 cm-2 and 0.57 μM, respectively [37].  

In addition to the fact that pure copper oxide can show high 

activity in glucose detection, it can also improve the 

electrocatalytic activity of other metal oxides.  Incorporation  

 

 

of copper oxide into the structure of other metal oxides 

improves the catalytic active sites and selectivity. Therefore, 

the sensitivity for glucose detection increases, and the 

detection limit decreases [38].  Hierarchical CuO/NiO-C 

[39],  CuO/NiO/ACF nanostructures [35], N-CuO/Cu2O:NiO 

[40], CNTs/CuO nanocomposite [41], 

Au@CuO/V2CTxMXene/Laser-induced graphene [42], 

CuO/Nitrogen-doped Carbon [43] are examples that               

indicate that CuO has the potential to increase the catalytic 

performance of electrocatalysts.  
      In the present study, in order to improve the electrical 

conductivity of iron oxide and increase its activity against 

glucose, two-component heterostructures containing copper 

oxide/iron oxide with different molar ratios of iron to copper 

ions were prepared by a simple method of co-precipitation 

and calcination at high temperature. The obtained 

nanomaterials were utilized in the electrochemical reaction 

of glucose detection.  The results showed that the inclusion 

of copper oxide in the iron oxide structure reduces the amount 

of band gap. Therefore, the electrical conductivity increases, 

and the electron transfer process is accelerated. In addition, 

the number and activity of the catalytic sites are improved, 

and as a result, the nanostructures containing CuO and Fe2O3 

show much higher electrocatalytic activity for glucose 

detection than pure Fe2O3.  In fact, the synergistic effects 

between CuO and Fe2O3 in the composite structure make the 

resulting compound a good conductor for transferring 

electrons and ions. It was found that when the molar ratio of 

copper and iron ions is equal, the best electrocatalytic 

performance is obtained. This study provides ideas for a 

simple and effective method to significantly improve the 

electrocatalytic performance of Fe2O3 in important processes 

such as glucose oxidation.  

 
EXPERIMENTAL 
 

Materials and Instruments 
       All materials in this work are analytical research grade 

and have been used without any refinements. Iron(III) 

chloride hexahydrate (FeCl3.6H2O), copper(II) nitrate 

trihydrate (Cu(NO3)2.3H2O), D-glucose (C6H12O6), 

potassium carbonate (K2CO3), and sodium hydroxide 

(NaOH) were obtained from Merck. All other reagents, 

including fructose (Fr), sucrose (Sc), galactose (Ga), maltose  
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(Ma), dopamine (DA), ascorbic acid (AA), and citric acid 

(CA) were purchased from commercial suppliers.  

 

Characterization 
      Fourier transform infrared (FT-IR) spectroscopy was 

obtained on a Bruker spectrophotometer in the 400-                    

4000 cm-1 using the KBr pellet. The powder X-ray diffraction 

(PXRD) patterns were conducted on a Tongda model TD-

3700 diffractometer (China) with a Cu-Ka source (λ = 

1.54056 Å). Field emission scanning electron microscope 

(FE-SEM) images and EDX/mapping were carried out with 

a Mira III TESCAN. The X-ray photoelectron spectroscopy 

(XPS) measurement for the efficient catalyst was recorded by 

a UHV analysis system equipped with the Al anode (SPECS 

Co., Germany). Ultraviolet-visible diffuse reflection spectra 

(UV-Vis DRS) were documented using a JASCO (Japan) 

model V_670 ultraviolet-visible spectrophotometer fitted 

with a diffuse reflectance spectroscope. 

 
Synthesis of Nanomaterials 
      Fe2O3/CuO nanocomposites with different molar ratios              

of  Fe3+ and  Cu2+  ions  (0.7:0.3, 0.5:0.5,  and  0.3:0.7)  were  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

synthesized from solutions with constant molarity. First, a              

5 × 10-2 M (25 ml) solution of each metal salt was prepared. 

Then, solutions with different volume ratios were mixed. 

After that, the pH of the solution was adjusted to 8 using                

0.1 M K2CO3 solution. The resulting suspension was stirred 

for 3 h at room temperature. Then, the precipitant was 

centrifuged, washed three times with distilled water, and 

transferred into a crucible to be kept in an oven at 80 °C for 

12 h. Ultimately, it was left in an electrical furnace at 750 °C 

for 6 h for further crystallization (see Scheme 1). A similar 

method was also used to synthesize pure CuO and Fe2O3 

nanoparticles. 

 
Electrochemical Measurements 
      Glucose electroanalysis was performed on an Auto-

Lab/PGSTAT 101 equipped with Nova 2.1 software and an 

external rotating disc containing 25 ml of 1 M NaOH 

electrolyte. For all electrochemical experiments, a three-

electrode system containing Ag/AgCl, platinum, and 

modified carbon paste electrodes (CPEs) was used as 

reference, auxiliary, and working electrodes, respectively. 

The electrocatalytic efficiency of synthesized nanomaterials  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 1. Synthesis procedure of Fe2O3/CuO nanostructures 
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was investigated by cyclic voltammetry (CV), and 

amperometry techniques. The optimal potential for glucose 

detection was calculated from CVs at 75 mV s-1 scan rate in 

the potential range of -0.2 to 0.8 V. To fabricate the working 

electrodes, a mixture of paraffin (5 mg), each of the 

nanomaterials (25 mg), and graphite (70 mg) was carefully 

homogenized. Then, the obtained mixture was filled into a 

copper wire with a radius of 1.1 mm. The surface of the 

electrodes was smoothed and washed with distilled water 

before performing the electrochemical experiments [44,45].  
 
RESULTS AND DISCUSSION 
 
Characterization 
      Figure 1a depicts FT-IR spectra of Fe2O3, CuO, and 

Fe2O3/CuO hybrid nanostructures with different molar ratios 

of Fe3+ and Cu2+ ions. For pristine CuO, two characteristic 

absorption bands at 450 cm-1 and 590 cm-1 can be attributed 

to stretching vibrations of Cu-O in the monoclinic structure 

[46]. Moreover, the spectrum of Fe2O3 nanoparticles exhibits 

firm absorption peaks at 474 cm-1 and 554 cm-1, related to the 

stretching vibrations of the Fe-O bonds of hematite [47,48]. 

Similarly, the characteristic bands displayed in the range of 

424-582 cm-1 in the spectrum of hybrid nanostructures are 

attributed to the stretching vibrations of M-O (M=Cu or Fe) 

bonds. Also, in the spectrum of all prepared compounds, the 

broad peak around 3421 cm-1 is due to the stretching 

vibrations of the O-H groups in the water molecules whose 

bending vibrations can be seen in the range of 1626-                              
1637 cm-1 [49].  
      PXRD pattern was used to confirm the crystalline nature 

and phase analysis of the synthesized samples. As shown in 

Fig. 1b, the Fe2O3 sample has characteristic peaks at 2θ = 

24.32̊, 33.32 ̊, 35.68̊, 41.04̊, 49.60̊, 54.16̊, 57.80 ̊, 62.48̊, and 

64.16̊ are indexed to (012), (104), (110), (113), (024), (116), 

(018), (214), and (300) planes [50]. These data confirm the 

presence of the hexagonal phase of hematite α-Fe2O3 [51]. 

The absence of more peaks indicates the high purity of the 

compound and its single phase [49,52,53]. In the PXRD 

pattern of CuO, the monoclinic phase is proved with two 

intense peaks at 2θ = 35.68 ̊ (-111) and 38.88̊ (111). 

Furthermore, the diffraction peaks at 2θ of 32.64 ̊ (110), 48.88̊ 

(-202), 53.68̊ (020), 58.56̊ (202), 61.72 ̊ (-113), 66.64̊ (-311), 

and  68.24̊ (220)  is   related   to  the  CuO   structure.  These 

 

 

diffraction peaks match well with JCPDS 80-0076 card [54-

57]. As shown in Fig. 1b, the PXRD pattern of Fe2O3/CuO 

nanocomposites shows peaks corresponding to both Fe2O3 

and CuO peaks, but some changes in the position and 

intensity of these peaks are seen. When the molar ratio of Fe3+ 

ions to Cu2+ ions is 0.7 to 0.3, almost all Fe2O3 peaks are seen, 

but their intensity is reduced compared to pure iron oxide. In 

contrast, only some low-intensity peaks related to the CuO 

structure are observed. Since, the molar ratio of Fe ions is 

high and the prominent peaks of Fe2O3 are slightly shifted to 

high values of 2, it can be said that the incorporation of CuO 

cannot change the structure of iron(III) oxide. For the 

nanocomposite with an equal molar ratio of metal ions, 

prominent peaks of both Fe2O3 and CuO are observed. This 

means that in this compound, Fe2O3 and CuO act as the main 

components of the crystal structure. However, the diffraction 

peaks at 2θ of 35.08̊ (104) and 36.2̊ (110) for Fe2O3 and 35.72̊ 

(-111) and 38.92 ̊ (111) for CuO shift to higher 2 values due 

to the interaction between Fe, Cu and oxygen ions. Finally, 

the diffraction pattern of Fe2O3/CuO with a molar ratio of 0.3 

to 0.7 from Fe3+ to Cu2+ ions exhibits most CuO characteristic 

peaks almost with no changes. This means that when Fe2O3 

is introduced into the CuO lattice, the monoclinic phase of 

CuO remains unchanged. At the same time, some low-

intensity peaks related to Fe2O3 are observed, which confirms 

the presence of Fe2O3 in the structure. Eventually, the 

average crystallite size was calculated using the Debye-

Scherr equation and found to be 36.5 nm, 26.8 nm, 26 nm, 

31.77 nm, and 36.68 nm for Fe2O3, CuO, and Fe2O3/CuO 

with molar ratios of 0.7:0.3, 0.5:0.5, and 0.3:0.7 of Fe to Cu 

ions, respectively.  

      UV-Vis DRS technique was employed to investigate the 

light absorbance properties and the relationship between the 

electronic band gap and the catalytic activity of the samples. 

As shown in Fig. 2a, all compounds show a board peak at 

around 550 nm related to the electron transition of Fe2+ to 

Fe3+ and electron excitation from HOMO to LUMO. Also, 

there are two absorption edges around 360 nm corresponding 

to the charge transition of O2- to Fe3+ [58]. The intensity of 

these peaks for Fe2O3/CuO hybrid nanostructures is higher 

than that of pure Fe2O3. As expected, when several 

components are combined, the number of defects in the 

crystal lattice and created holes increase. Therefore, electron 

transfer and the absorption intensity increase. In addition, the  
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broad absorption peak at around 550-800 nm which is clearly 

observed in the spectrum of CuO/Fe2O3 (0.5:0.5) and 

Fe2O3/CuO (0.3:0.7) is assigned to the presence of Cu2+ ions 

[59,60]. The intensity of these peaks gradually increases by 

adding the molar ratio of Cu2+ ions from 0 to 0.7 in                               

the composite structure. The band gap energy (Eg) of the 

catalysts was determined by the Kubelka-Munk equation and 

the intersection of the straight line with the x-axis [61]. 

According to literature, both Fe2O3 and CuO have direct 

electron transition and the value of γ in the Kubelka-Munk 

equation is equal to 2 [62]. Figure 2b shows the calculated Eg 

values for Fe2O3/CuO heterostructures with different molar 

ratios. The observed changes in Eg values can be related to 

the  different  sizes and crystal defects. Based on the  results, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fe2O3/CuO with an equal ratio of metal ions exhibit the 

lowest Eg with 1.85 eV, and Eg for Fe2O3/CuO with molar 

ratios of 0.3 to 0.7 and 0.7 to 0.3 from Fe3+ to Cu2+ is 2.00 

and 2.025 eV, respectively. Meanwhile, pure Fe2O3 shows 

the most considerable band gap value (2.05 eV). The 

reduction of Eg for Fe2O3/CuO nanocomposites compared to 

pristine iron(III) oxide can be due to the synergistic 

interactions within the structures and the creation of new 

energy levels between HOMO and LUMO [61,63]. 

    XPS analysis was used to investigate the oxidation states, 

surface composition, and electronic interactions in the 

structure components. The exhaustive scan XPS spectrum 

confirms the presence of Fe, Cu, and O elements on                           

the  surface  of  Fe2O3/CuO (0.5:0.5) (Fig. 3a). According to               

 
Fig. 1. FT-IR spectra (a) and the PXRD pattern (b) of pure Fe2O3, pure CuO, and Fe2O3/CuO nanostructures with different 

molar ratios of Fe3+ to Cu2+ ions. 
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Fig. 2. The UV-Vis-DRS absorbance spectra of the 

synthesized nanomaterials (a) and calculated band gap for 

pure Fe2O3 and Fe2O3/CuO hybrid nanostructures (b). 

 

 

Fig. 3b, the high-resolution spectrum of Fe has two                      

firm peaks at 711.72 eV and 724.4 eV corresponding                    

to Fe 2p1/2 and Fe 2p3/2, respectively. Also, the peak at                      

717.12 eV is attributed to the Fe 2p3/2 satellite. The                        

presence of these peaks in the XPS spectrum confirms the                 

+3 oxidation state of Fe in the modified heterostructure 

[64,65]. The Cu 2p XPS spectrum is shown in Fig. 3c.                

The  prominent  peak  at  934.3 eV is  assigned  to Cu2+ 2p3/2 

 
 

binding energy, with the satellite at 942.5 eV. Moreover,           

the peak at 954.2 eV and its corresponding satellite at           

962.4 eV belong to Cu2+ 2p1/2, which is consistent with 

previous reports [61,66]. The deconvoluted O 1s spectrum 

shows two peaks at 530.2 eV and 531.8 eV, corresponding to 

lattice oxygen, oxygen vacancies, and adsorbed OH-                      

on the surface (Fig. 3d). This observation indicates the              

ability of the nanocomposite to absorb hydroxide ions               

and form active intermediates for glucose detection                      

in an alkaline environment [67]. Finally, the absence of 

further peaks associated with other elemental oxidation                 

states indicates the purity of the Fe2O3/CuO phase. 

      FE-SEM images and EDX spectra of pure Fe2O3 and 

pristine CuO nanostructures are given in Fig. 4. As 

considered, both Fe2O3 and CuO are composed of 

nanospheres that are almost uniform in size (Fig. 4a and b). 

The average size of nanospheres is in the range of                      

42-52 nm and 38-58 nm for CuO and Fe2O3, respectively. 

The EDX spectrum of CuO nanoparticles displays only 

copper and oxygen signals, while the spectrum of                      

Fe2O3 nanoparticles shows the presence of iron and                      

oxygen elements (Fig. 4c and d). The absence of                      

additional signals in both spectra proves the high                 

crystallinity of the synthesized nanostructures. The 

morphology, EDX spectrum, and elemental mapping of 

Fe2O3/CuO (0.5:0.5) are shown in Fig. 5. The FE-SEM 

images demonstrate the aggregated spherical nanoparticles                  

of Fe2O3/CuO with diameter between 40 nm to 80 nm                      

(Fig. 5a). The EDX spectrum reveals the characteristic                      

peaks of Fe, Cu, and O and the absence of additional                      

signals specifies the high purity of Fe2O3/CuO                      

(Fig. 5b). Finally, the elemental mapping analysis                      

show the distribution of iron, copper and oxygen                      

atoms in the surface of the Fe2O3/CuO structure (Fig. 5c). 
 
Electrochemical Glucose Sensing 
      Cyclic voltammetry experiments. In this part, the 
electrochemical activity of prepared nanomaterials for 
glucose electrooxidation was investigated using the CV 
technique. This method was performed on bare carbon paste 

and modified carbon paste electrodes by pure Fe2O3 and 
Fe2O3/CuO hybrid nanostructures with different molar               
ratios of Fe3+ to Cu2+ metal ions. CV experiments were 
performed  in  1 M  NaOH   electrolyte   containing   15 mM 
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Fig. 3. XPS spectra of Fe2O3/CuO (0.5:0.5) (a), high-resolution spectra of Fe 2p (b), Cu 2p (c), and O 1s (d).  
 

 
Fig. 4. FE-SEM images (a and b) and EDX spectra (c and d) of CuO and Fe2O3 nanostructures, respectively. 
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glucose with a scan rate of 75 mV s-1 in the potential range of 

-0.6 V to 0.8 V vs. Ag/AgCl. The CV plots of each electrode 

with and without glucose are presented in Fig. 6. As can be 

seen in Fig. 6a, the carbon paste electrode (CPE) in the 

absence of nanomaterials does not show significant activity 

for glucose electro-oxidation, and CVs before and after 

addition of 15 mM glucose are similar. Also, there is no 

detectable oxidation peak towards glucose on the modified 

electrode by Fe2O3 (Fig. 6b). Although it has been proven that 

Fe2O3–based electrodes have electrocatalytic active sites for 

oxidation of glucose in alkaline solutions, this behavior can 

be related to the low electrical conductivity and high Eg value 

of pure Fe2O3. The catalytic performance of modified 

electrodes by Fe2O3/CuO hybrid nanostructures with 

different molar ratios of metal ions is given in Fig. 6c-e. As 

considered, when copper oxide is introduced into the Fe2O3 

structure, the current density in the glucose oxidation 

potential range increases with the addition of glucose to the 

electrolyte solution. The peak related to glucose oxidation 

clearly appears when the molar ratio of Fe3+ ions to copper 

ions is 0.5 to 0.5 and 0.3 to 0.7. All nanocomposites show an 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

addition in current density at the potential of about 0.5 V vs. 

Ag/AgCl, which is assigned to glucose oxidation. As shown, 

the Fe2O3/CuO hybrid nanostructure with an equal molar 

ratio of metal ions displays the highest current density in the 

range of glucose oxidation potential (about 0.5 V) among 

other nanocomposites. The improved electrocatalytic activity 

of Fe2O3/CuO hybrid nanostructures compared to pure Fe2O3 

can be related to the synergistic effects between the two metal 

oxide components participating in the composite structure. 

These effects increase electrical conductivity, fast charge 

transfer, and catalytic sites and their activity and sensitivity 

for glucose detection [68]. 

      According to the literature [69-72], in the process of 

glucose detection on the CuO electrode surface, the 

production of CuIII is impossible due to kinetic and 

thermodynamic limitations. However, a suitable anodic 

potential creates a few vacancies (h+) on the electrode 

surface. These vacancies subsequently interact with the 

hydroxyl groups (OH-) on the surface, resulting in the 

formation of hydroxyl radicals (OH● ads). Hydroxyl radicals 

in turn react with other hydroxyl groups. Then glucose reacts 

 
Fig. 5. FE-SEM images (a), EDX spectrum (b), and elemental mapping (c) of Fe2O3/CuO (0.5:0.5) hybrid nanostructures. 
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with this surface with the help of active hydrogen and the 

oxidation process is carried out. On the other hand, Fe2O3 

nanoparticles can oxidize glucose in alkaline electrolytes, 
leading to gluconolactone and FeO. Subsequently, FeO 

interacts with OH- ions to form Fe2O3 [73-75]. In the 

Fe2O3/CuO nanocomposite structure, both Fe2O3 and CuO 

are present in catalytic sites and the interaction between                     

them  increases  the  active   catalytic   sites   and   improves  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

electrocatalytic activity for glucose oxidation. Also, based on 

the DRS results, when CuO is introduced into the Fe2O3 

structure, the band gap value decreases. Fe2O3/CuO (0.5:0.5) 

has the lowest band gap among all tested nanocomposites. 

This leads to improved electrical conductivity of this 

compound, faster electron transfer, and unique activity in the 

glucose electro-oxidation process. 

 
Fig. 6. CVs of bare (a), pure Fe2O3 (b), and Fe2O3/CuO electrodes (c-e) in the absence and presence of 15 mM glucose 

and comparison of CVs for all electrodes in the presence of 15 mM glucose (f); scan rate = 75 mV s-1, electrolyte = NaOH 

(25 ml, 1 M). 
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One of the critical factors in investigating the electrocatalytic 

activity of electrodes against glucose oxidation is 

determining the Tafel slope. The kinetics of the 

electrochemical process can be evaluated based on the slope 

of the Tafel plot,  and a  slight  slope  reveals a fast  electron 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transfer rate. As shown in Fig. 7a, the lowest Tafel slope 

value is achieved for the Fe2O3/CuO (0.5:0.5) electrode                        

(124 mV dec-1), indicating its desirable kinetic performance 

compared to other electrodes. For further investigation, 

Nyquist  plots  are  plotted  at  the  operating  frequencies of 

 
Fig. 7. Tafel plots of Fe2O3/CuO hybrid nanostructures, obtained CVs in the presence of 15 mM glucose at the low scan 

speed of 5 mV s-1 (a), Nyquist plots obtained at a constant potential of 0.48 V and their corresponding equivalent circuits 

(b), CV curves of Fe2O3/CuO hybrid nanostructures (c, d, and e) in the non-faradic region of 0-0.15 V at different scan 

rates of 40-120 mV s-1, and computed Cdl for electrodes (f). 
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10-1 to 105 Hz (Fig. 7b). Also, their corresponding equivalent 

circuits is given in Fig. 7b (inset) [76,77]. The results display 

that the Fe2O3/CuO (0.5:0.5) electrode has the smallest 

semicircular diameter and the lowest charge transfer 

resistance for the oxidation of glucose among all tested 

hybrid nanostructures. The Rct for this electrode has the 

lowest value (2.32  cm2), while the value for Fe2O3/CuO 

(0.7:0.3) and Fe2O3/CuO (0.3:0.7) electrodes is 404.47 and 

59.84  cm2, respectively. In addition, the Rs values for 

Fe2O3/CuO (0.5:0.5) is 0.741  cm2, while this value for 

Fe2O3/CuO (0.7:0.3) and Fe2O3/CuO (0.3:0.7) is 3.53 and 

1.94  cm2, respectively. Finally, the electrochemically 

active surface area (ECSA) was used for further insight into 

the origin of the catalytic activity as well as synergistic 

effects. Generally, ECSA is calculated from the formula 

ECSA = Cdl/Cs, where Cs and Cdl are specific capacitance and 

double-layer capacitance, respectively. Since the value of Cs 

cannot be easily calculated, ECSA cannot be calculated 

precisely. Nevertheless, because Cdl has a proportional 

relationship with ECSA, it can be considered that as Cdl 

increases, the value of ECSA also increases. As shown in          

Fig. 7c-f, Cdl is calculated in the non-faradic region of CVs 

with different scan rates. As shown in Fig. 7f, the calculated 

Cdl for Fe2O3/CuO (0.5:0.5) is 8.23 mF cm-2, which is                      

higher than the Cdl of other prepared nanocomposites                              

(4.19 mF cm-2 for Fe2O3/CuO (0.7:0.3) and 7.68 mF cm-2               

for Fe2O3/CuO (0.3:0.7)). This indicates that Fe2O3/CuO 

(0.5:0.5) has higher active catalytic sites for glucose 

oxidation than other hybrid nanostructures. Although the 

electrochemical experiment results show that Fe2O3/CuO 

nanocomposites generally act better than pure Fe2O3 in 

glucose oxidation, the synergistic interactions have the 

greatest effect when the molar ratio of Fe3+ ions to Cu2+ ions 

in the composite structure is equal. Consequently, this sensor 

shows the lowest Tafel slope, the lowest charger transfer 

resistance, and the highest ESCA compared to other studied 

sensors and as will be discussed further, it shows the highest 

sensitivity and the lowest detection limit for glucose 

detection [78]. 

      Figure 8 shows the CV plots of the electrode modified 

with Fe2O3/CuO (0.5:0.5) at a scan speed of 75 mV s-1 and in 

the potential range of -0.6 V to 0.8 V vs. Ag/AgCl in the 

presence of 1 M NaOH and 0-40 mM glucose. In the absence 

of glucose, the oxidation peak is not visible. However, when 

 

 

 
Fig. 8. CVs of Fe2O3/CuO (0.5:0.5) in the presence of 

different concentrations of glucose.  

 

 

glucose is added to the solution, an oxidation peak occurs at 

about 0.45 V vs. Ag/AgCl. The current density of this                     

anodic peak gradually increases with increasing glucose 

concentration and slowly shifts towards positive potentials. 

Considering the results of CV techniques, the optimal 

potential of 0.55 V was selected for Fe2O3/CuO (0.5:0.5) to 

investigate the sensitivity and limit of detection (LOD) for 

glucose in the presence of this electrocatalyst. 

      Amperometry experiments. To determine the linear 

range, LOD, and sensitivity of electrocatalysts for glucose 

detection, amperometry experiments were conducted using 

carbon paste electrodes modified with Fe2O3/CuO 

nanocomposites at the optimum potential. According to the 

CV diagrams, the optimum potential for Fe2O3/CuO with 

molar ratios of 0.7 to 0.3, 0.5 to 0.5, and 0.3 to 0.7 from Fe3+ 

to Cu2+ ions was determined to be 0.6, 0.55, and 0.5 V vs. 

Ag/AgCl.  Figure 9a, c, and e show the current-time plots of 

Fe2O3/CuO hybrid nanostructures with different molar ratios 

of metal ions. As considered, The Fe2O3/CuO (0.5:0.5) 

displays higher amperometry currents in the presence of 

different glucose concentrations than other nanocomposites. 

In all cases, the amperometry response increased rapidly with 

the addition of different glucose concentrations and reached 

a steady state within approximately 4 s. As shown in Fig. 9b, 

d, and f, the current density increases linearly with the 

addition  of  different   glucose   concentrations.  For  all  the 
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modified electrodes, the deviation from the linear mode 

occurs at higher concentrations of glucose. This could be 

related to the saturation of active catalytic sites on the 

electrode surface [71]. Interestingly, the nanocomposite with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

an equal molar ratio of metal ions shows a wide linear range 

compared to other electrocatalysts. For Fe2O3/CuO (0.5:0.5), 

the deviation from the linear range is observed at glucose 

concentrations  higher  than  28 mM,  while  for  Fe2O3/CuO 

 
Fig. 9. Amperometric response of Fe2O3/CuO hybrid nanostructures with different molar ratios of Fe3+ and Cu2+ ions 

towards different concentrations of glucose (0-50 mM) in 1 M NaOH electrolyte solution (25 ml) at optimal potentials 

between 0.5-0.6 V (a, c, and e) and the plots of current density against different concentrations of glucose and 

corresponding calibration curves (b, d, and f). 
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(0.7:0.3) and Fe2O3/CuO (0.3:0.7), this deviation occurs at 

higher concentration of 20 mM. These results are in good 

agreement with the calculated Cdl values. Fe2O3/CuO 

(0.5:0.5) has the highest electrochemically active surface area 

and active catalytic sites among all tested electrodes, and 

therefore, a saturation of active sites occurs at higher amounts 

of glucose. In the next step, the linear range and sensitivity of 

electrocatalysts for glucose were determined using 

calibration curves. As can be seen from Fig. 9b, the 

Fe2O3/CuO (0.5:0.5) electrode shows a wide linear range 

between 0.2 and 28 mM of glucose, which is associated with 

a sensitivity of 411.7 μA mM-1 cm-2 and a low detection limit 

of 0.2 µM. Furthermore, the apparent Michaelis-Menten 

constant (Km), which indicates the glucose-substrate kinetics 

for the sensor, can be calculated from the electrochemical 

version of the Lineweaver-Burk equation [79,80]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      1/iss= 1/imax+ 1/Km C  

 

      In this equation, iss is the steady state current after glucose 

addition, C is the bulk concentration of glucose and imax is the 

maximum current measured under saturated substrate 

conditions. The Km value of the glucose sensor (Fe2O3/CuO 

(0.5:0.5)) was determined by the steady-state amperometric 

response curve to be 5.49 mM, which was smaller than the 

Km values calculated for Fe2O3/CuO (0.7: 0.3) (9.33 mM) and 

Fe2O3/CuO (0.3: 0.7) (8.14 mM). As shown in Table 1, the 

Fe2O3/CuO (0.5:0.5) electrode displays the  widest liner 

range, the highest sensitivity, and the lowest glucose 

detection limit compared to other modified electrodes. In 

addition, this compound shows good performance in the 

oxidation of glucose compared to some previous works. 

Therefore, subsequent tests such as stability, selectivity, and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Comparison of Non-enzymatic Glucose Sensors and Biosensors Based on Fe2O3 

 

Compounds  
Sensitivity 

(µA mM-1 cm-2) 

Linear range 

(mM) 
LOD (µM) Ref. 

Fe2O3/CuO (07:0.3) 78.20 7-19 51 

T
his w

ork 

Fe2O3/CuO (05:0.5) 411.7 0.2-28 0.2 

Fe2O3/CuO (03:0.7) 147.8 1-20 11 

ZnFe2O4/Fe2O3@Gr 609 1-10 - [26] 

NiO/Fe2O3 1437 µA mM-1 - 1.03 [29] 

Ni2Fe2O4/NiCoLDH@rGO 111.86 3.5 × 10-5-4.5 × 10-3 1.29 × 10-5 [30] 

gC3N4/α-Fe2O3  105.75 0.002-2.4 0.4 [31] 

ITO/HNC/CS/GOx 20.03 1-5 mM 71.6 [32] 

Fe2O3 ZNRs 105.75 0.05-18 12 [34] 

α-Fe2O3/Nickel foam 10356 0.005-0.2 0.87 [73] 

α-Fe2O3 nanostructures 85.384 0.003-33 1 [81] 

α-Fe2O3 nanoparticles 30.89 1-10 - [82] 

ZnO NRs/Fe2O3/nafion 0.052 µA cm-2 - 0.95 mM [83] 

Fe2O3-NPs/P4VP-co-PAN 1382.5 0.0025-0.58 0.58 [84] 

Polypyrrole/ZnFe2O4  145.36 0.01-8 - [85] 

Fe3O4−CS−CD 23.59 40 μM-1.04 mM 19.30 [86] 

Nafion/α-Fe2O3/rGO/GCE 327.92 1-5 mM 0.6 mM [87] 

rGO/Fe3O4/GOx/GCE 2.645 μA mM-1 0.5-10 106.5 [88] 

Nafion/GOx/γ-Fe2O3 NP–0.25 CA 
5.81 

995.57 

5.0 µM-20.0 mM 

1.1-5 µM 

- 

0.05 

[89] 

 

Abbreviations: HNC = hetero-nanocomposite of 1D α-Fe2O3 nanowires; Gr: graphite; ZNRs: ZnO nanorods; P4VP-co-PAN: 

poly(4-vinylpyridine)-co-poly(acrylonitrile); CS: Chitosan; CA: citric acid. 
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real sample analysis were performed in the presence of this 

electrocatalyst. 

      As is apparent, there are many electroactive species in the 

real sample which may reduce the accuracy of glucose 

detection. Therefore, selectivity is one of the critical tests 

during electrochemical glucose oxidation to develop an 

electrochemical enzyme-free glucose sensor. The glucose 

concentration in the blood is usually in the range of 3 to                     

8 mM, which is significantly higher than the concentration of 

possible interferences. In order to check the selectivity, the 

experiments were performed in 1 M NaOH solution with an 

applied potential of 0.55 V in the presence of 5 mM glucose 

and 0.2 mM of interferences, such as Fr, Sc, Ga, Ma, DA, 

AA, CA, NaCl, urea, and ethanol. According to Fig. 10a, a 

noticeable signal is observed when glucose is added. 

However, no significant response is observed for interference 

agents, which leads to the high selectivity of Fe2O3/CuO 

(0.5:0.5) in glucose detection.  

      The amperometry method was also utilized to check the 

durability and long-term stability of the Fe2O3/CuO (0.5:0.5) 

electrode. Figure 10b shows the long-term stability as 

assessed by dividing the amperometry response (I) against                        

5 mM glucose in 1 M NaOH by the amperometry current in 

the absence of glucose (I0) for 19 days, indicating the current 

signal does not show a significant decrease during this time. 

Therefore, this electrode has high stability. Also, the 

durability  and  stability  of   the   Fe2O3/CuO  (0.5:0.5)  was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

studied by amperometry technique for 1000 s in the presence 

of 5 mM glucose in 25 ml 1 M NaOH (Fig. 10c). As shown, 

the amperometry current increases rapidly after the addition 

of glucose, remains constant for 1000 s, and then increases 

again with the addition of glucose, indicating its high 

durability. Moreover, the robustness of the electrode was 

confirmed through interday (during five days) and intraday 

(five times) measurements by recording the current response 

of Fe2O3/CuO (0.5:0.5) hybrid nanostructures in the presence 

of 5 mM glucose.  The interday and intraday tests yielded                              

t-values of 1.976 and 1.542, respectively. These findings 

suggest that there were no systematic errors detected by the 

t-test calculation, with P = 0.05 (|t| critical,4 = 2.78) [90]. 

      Detection of real samples can demonstrate the application 

of designed electrochemical sensors. In this case, the 

standard addition method was used to test the reliability of 

Fe2O3/CuO (0.5:0.5) in human blood serum [91,92]. Blood 

serum was obtained from a nearby hospital and deproteinized 

using methanol at a volume ratio of 1:3 serum to methanol 

before analysis. The amperometry test at Eappl = 0.55 V was 

carried out by adding 250 µl of serum to 25 ml of 1 M NaOH 

and injecting different concentrations of pure glucose into         

the solution at intervals of 100 s. Finally, the glucose 

concentration in blood serum was determined by plotting the 

current response against different glucose concentrations. 

This experiment was repeated three times. It was revealed 

that the concentration of glucose in blood serum is 4.23 mM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. The selectivity test for glucose detection by the Fe2O3/CuO (0.5:0.5) nanocomposite after adding 5 mM glucose and 

0.2 mM of carbohydrate and non-carbohydrate interferences (a), the durability test for Fe2O3/CuO (0.5:0.5) in the presence             

5 mM glucose for 1000 s (b), and the stability test for Fe2O3/CuO 0.5:0.5 containing 5 mM glucose by amperometry technique 

for 19 days (c) (All experiments were performed in 25 ml of 1 M NaOH). 
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To test the accuracy and recovery of the method, three 

different serum samples (3 ml) were spiked with pure glucose 

solutions (0.5, 1, and 1.5 mM). Then, the amperometry test 

was done by adding 300 µl of serum to 25 ml of 1 M NaOH 

and injecting different concentrations of pure glucose into the 

solution at intervals of 100 s. Finally, the calibration curves 

were plotted to determine the glucose concentration. As 

shown in Table 2, the recovery rate changed from 98.85 to 

100.34%, and the RSD value from three independent 

repetitions was calculated below 2%, which indicates the 

excellent repeatability of this nanomaterial. Also, the 

calculated student's t-test values in different concentrations 

suggest that there is no substantial systematic error in 

analyzing the real sample. This conclusion is based on 

comparing the calculated |t| value with the P = 0.05 (|t| critical,2 

= 4.30) in three repeated measurements  [90]. These results 

indicate that the fabricated electrode can be a promising 

candidate for detecting glucose in human serum. 

 
CONCLUSION 
 

      In the present study, to increase the electrocatalytic 

activity of Fe2O3 nanoparticles in the glucose detection 

process, Fe2O3/CuO hybrid nanostructures with different 

molar ratios of Fe3+ to Cu2+ ions were successfully 

synthesized using a simple co-precipitation technique. The 

results showed that in the hybrid nanostructures of CuO and 

Fe2O3, the synergistic effects between the two metal oxides 

improve the electrical conductivity, and fast charge transfer 

and increase the active catalytic positions, thus increasing 

their activity for glucose. Among all tested Fe2O3/CuO 

nanocomposites, the structure with the equal molar ratio of 

Fe3+ to Cu2+ ions showed the lowest Tafel slope and charge 

transfer  resistance  due  to its  low  band  gap  value,  which  

 

 

 

 

 

 

 

 

 

 

 

 

indicated that this compound has a desirable kinetic for 

glucose oxidation. In addition, this compound has the largest 

Cdl value, indicating its more catalytic active sites for 

reaction. Further experiments revealed that the Fe2O3/CuO 

(0.5:0.5) shows the highest current amperometry response for 

glucose and has the highest sensitivity, good stability, a wide 

linear range, a low detection limit, and excellent selectivity 

for glucose detection. Also, the practical detection capability 

of Fe2O3/CuO (0.5:0.5) was confirmed via real sample 

analysis with a reasonable recovery percentage. Finally, the 

cost-effective and simple method of producing these 

heterostructures makes them promising candidates for 

glucose monitoring applications. 
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