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ABSTRACT 

Iron (Fe), a magnetic transition metal, doped manganese oxide (MnO2) nanostructured thin films were deposited 

onto glass substrates by a spray pyrolysis deposition technique at 450 oC substrate temperature for glucose sensing 

performance. Fe concentration greatly affects the film surface morphology. The film was found to be more 

compact and porous for 4 at % Fe doping. The glucose response was measured by electrical four probe method 

using the pure MnO2 and 2, 4, 6, 8 at% Fe doped MnO2 thin films as an active electrode. It was determined that 4 

at % Fe: MnO2 thin film with 20 nm crystallite size has high sensitivity, fast glucose response and recovery time. 

Optical band gap measurement indicated that the sensitivity increased as the band gap decreased up to 4 at% Fe 

concentration. The highest glucose sensing response was recorded about 29 % in 5 minutes. 
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1.1 INTRODUCTION 

Manganese oxide (MnO2) is a common transition metal oxide with multiple valences, high 

capacitance, natural abundance, environmental friendliness and p-type charge carrier. 

Nanostructured thin films of Fe doped MnO2 show various properties of crystal structure, crystallite 
size, suitable optical band gap, moderate magnetizations, high coercivities, single domain effects, 

etc. [1]. Such nanostructured thin films have many applications in the field of photocatalysis, gas 

sensors, water treatment, protective coating on optical elements and biological sciences [2]. Among 

sensor groups, biosensor has a very important role in the field of medicine, biology and 

biotechnology. The development of glucose sensor has received continuous interest. Semiconductor 

metal-oxide-based glucose sensors are used for environmental, automotive, domestic, industrial and 

medical applications. The glucose sensing mechanism in these materials is governed by the reactions 

which occur at the sensor surface (active layer) and glucose molecules. It involves chemisorption of 

oxygen on the oxide surface followed by charge transfer during the reactions of oxygen with glucose 

molecules. The adsorbed glucose atoms extract electrons or inject electrons into the semiconducting 

material, depending on whether they are reducing or oxidizing agents, respectively [3-4]. This 

mechanism results in a change of the film conductivity, which corresponds to the glucose 
concentration. The performance of a glucose sensor is directly related to porosity, and ratio of 

exposed surface area to volume. Recent advances in the synthesis, structural characterization, and 
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investigation of physical properties of nanostructured metal oxides provide the opportunity to 

greatly improve the response of these materials for glucose sensing. Among the semiconductor metal 

oxides, MnO2 is the most widely applied oxide sensing materials due to its high mobility of 
conduction electrons and good chemical and thermal stability under operating conditions [5]. 

Various growth techniques have been reported in literature, such as wet chemical process [6], atomic 

layer deposition [7], pulsed laser deposition [8], metal-organic vapor phase epitaxy [9], 

electrochemical deposition [10], dip coating [11], spray pyrolysis technique (SPT) [12] and 

sputtering [13] for fabricating nanostructured MnO2 thin film. The main objective of this work is to 

find out the surface morphological, structural, optical and electronic properties of MnO2 thin films 

synthesized via spray pyrolysis method and to see the effect of Fe doping concentrations on the 

nanostructured MnO2 thin films for fast and precise detection of glucose response in concentration.  

 

2. SYNTHESIS AND PROCESSING 

2.1 Synthesis  

The analytical grade manganese (II) acetate tetra-hydrate [Mn(CH3COO)2.4H2O](Merck, Germany, 

99.5% purity) and FeCl3were used as the starting materials. Deionized distilled water was used as a 

solvent and hydrochloric acid (HCl) as a stable reagent. D-glucose (C6H12O6) and sodium hydroxide 

(NaOH) were used as precursors for sensitivity measurements. In this study Fe doped MnO2 thin 

films with various Fe concentrations of 0, 2, 4, 6 and 8 at% were synthesized on plain glass substrate 

of area 5 × 2.5 cm2 with a suitable mask by an SPT. The substrates were soaked with acetone and 

distilled water in an ultrasonic cleaner for 30 min and subsequently dried in flowing hot air to 

execute a better adherence between the film and the substrate.  

2.2 Processing 

In a typical procedure, for pure MnO2, 0.1 M of Mn(CH3COO)2·4H2O was prepared in 100 mL of 

double distilled water including few drops of C2H5OH and the mixed solvent was stirred about 1 h 

to form a homogeneous fuscous slurry. For Fe doped MnO2 (Fe:MnO2), 0.1 M of 

Mn(CH3COO)2·4H2O and FeCl3 powder were mixed into 100 mL of double distilled water including 

few drops of hydrochloric acid (HCl) as a stable reagent. After that, the solution was filtered and 

then sprayed through a fine bore in the form of fine droplets on pre-heated commercial glass 

substrates with a deposition time of 20 min. The temperature of the substrate was kept at 450 °C 

constant. The distance between the spray nozzle and the substrate was kept at 25 cm. The pressure 

of air as the carrier gas was maintained at 0.5 bar. The spray rate was maintained at 0.5 mL min−1 

throughout the experiment. After deposition, the thin films were allowed to cool to room 
temperature. The as-deposited MnO2 and Fe: MnO2 thin films were found homogeneous and brown 

in color. 

2.3 Characterization 

Field Emission Scanning Electron Microscope (FESEM) images were taken using JEOL JSM-

7600F, operated at 20 kV under x100000 magnification and 100 nm scale bar lengths. The XRD 

spectra of the deposited films was recorded using a powder X-ray Diffractometer (model: 

PANalytical Empyrean series 2, using CuKα radiation (λ = 1.54056Å) with a diffraction angle 

between 10° to 90°. The crystallite size was determined from the broadenings of corresponding X-

ray peaks by using Debye-Scherer’s formula. Glucose sensitivity was determined by four probe 

method. 
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3. RESULTS AND DISCUSSION 

 

3.1 Structural characterization 

The surface morphology of pure MnO2 and 4 at% Fe: MnO2 is shown in Figure 1a and 1b, 

respectively. Figure 1a shows agglomerated nanoparticles and 1b porous surface.  It is seen from 
the images that the surface quality of the films is good and have no cracks. It is seen in Figure 1a 

that the thin films consist of grains and the grains are of close-packed structure with round shape. 

Granular agglomerated nanoparticles are trotted out from the porous surface of 4 at% Fe: MnO2 thin 

films as displayed in Figure 1b [14]. 

 

 

Fig. 1. (a) Pure MnO2 agglomerated nanoparticles, and (b) 4 at% Fe: MnO2, porous surface. 

 

The unit cell of the crystal system was found to be the tetragonal structure with dominant peaks at 

(310), (101), (211) planes without any secondary phase as displayed in Figure 2. When Fe is 

introduced, the intensity of the three prominent peaks is changed. The variation in intensity indicates 

the incorporation of Fe ions into the lattice site of MnO2. In the doping process, the three prominent 
peaks are shifted from higher to lower angles due to the different ionic radii of Fe3+and Fe2+ . For 

4% Fe, the (002) peak shifts to lower angle due to the high ionic radius of Fe2+ (70 pm). FESEM 

analysis also revealed that Fe concentration strongly influenced the grain size of the thin films. The 

crystallite size was estimated in the range of 20 nm to 30 nm using the Debye Scherer relation. The 

density of defects in the sample, termed as dislocation density (δ) which stands for the length of 

dislocation lines per unit volume of the crystal, has been calculated by δ = 
1

𝐷2 [15]. The XRD data 

suggest that Fe: MnO2 has a lower crystallization due to the disorders or defects of lattices resulting 

from the excessive Fe dopants. The reason is that iron oxide is an amorphous nature and can 

influence the crystalline nature of α-MnO2. The effect of Fe concentration on the dislocation density, 

crystallite size, and strain (ε) in the MnO2 crystal lattice along (101) is presented in Table 1. 
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Fig. 2. X-ray diffraction patterns of pure MnO2 and 2, 4, 6 and 8 at % Fe doped MnO2 thin films. 

Table 1.  Variation of structural parameters with Fe doping concentration 

Fe at%  D (nm)  a=b (Å)  c (Å) Strain  

ε 10-3 
δ10-3 
(lines/nm2) 

0 24 9.852 2.863 1.423 1.736 

2 22 9.822 2.861 1.512 2.066 

4 20 9.798 2.862 1.835 2.500 

6 28 9.778 2.860 1.137 1.276 

8 30 9.762 2.859 0.996 1.111 

 

With 2 at% Fe-doped MnO2 thin films, the intensity of the peaks is reduced and FWHM is increased 

in comparison to undoped MnO2 thin films revealing that the crystalline quality is weakened by 

introducing dopant. On the other hand, when the Fe-doping concentration is above 4 at%, (viz. 6 

and 8 at%), crystalline quality is weakened again, indicated by the reduction of peak intensity and 

increased FWHM value in comparison to lower doping concentrations. This happens due to the 

creation of new nucleation centers from the dopant atoms is favorable for the growth of MnO2 
crystals. However, the crystalline quality is degraded further when the Fe-doping concentration is 8 

at%. This may occur as the newer nucleation centers reach in saturation and due to the difference of 
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ionic radius between Fe+2 or Fe+3 and Mn+2 and large number of Fe+2 or Fe+3 replace Mn+2 in lattice 

sites. The ionic radii of Fe+2, Fe+3and Mn+2 are 70, 60 and 70 pm, respectively. Fe+2 or Fe+3 replacing 

Mn+2 in lattice sites will lead to lattice distortion which results in a strain in MnO2 thin films. When 

Fe ions exist in MnO2 mostly in the form of Fe+2, due to its larger ionic radius than that of Mn+2, 

will lead to compression strain in the films. Therefore, XRD patterns shift towards the smaller angle. 
On the contrary, if Fe ions exist in MnO2 mainly in the form of Fe+3 due to its smaller ionic radius 

than that of Mn+2, will lead to tensile strain in the films, producing a shifting of the peak towards 

higher angle. In Fe: MnO2 alloys, Fe ions require having a valence of +2 in order to properly 

substitute Mn+2 ionic sites while maintaining charges neutrality. When Fe+3 ions coexist with Fe+2 

ions in Fe: MnO2, the Fe+3 ions are likely to distort the lattice structure for holding charge neutrality 

3.2 Optical properties 

The optical band gap of MnO2 and Fe: MnO2 films were calculated using Tauc relation. The optical 

band gaps of Fe: MnO2 films are shown in Figure 3. The optical energy gap was obtained by 

extrapolating the linear part to 𝑥-axis. The energy gap reduces due to the increase in Fe doping 

concentration indicating the red shift [16]. Band gap decreases gradually up to 4 at% Fe doping due 

to s-p and p-d exchange interaction between Mn+2 and Fe+2 ions. At 6 at% Fe doping, band gap starts 
to increase due to phase transformation from α to δ [12]. Reduction of band gap may also be from 

p-d exchange interaction between Mn+2 and Fe+2 ions.  
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Fig. 3. Band gap versus different Fe %. 

Table 2 Band gap versus different Fe % 

Fe concentration (at %) Band gap (eV) 

0 3.31 

2 3.19 

4 2.98 

6 3.29 

8 3.43 
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3.3. Electrical characterization 

The variation of electrical resistivity () with temperature ranging from 27-150 oC for pure and 2, 

4, 6 and 8 at % Fe doped MnO2 thin films revealed that resistivity decreased with the increase of 

temperature. This type of variation indicates the semiconducting behavior of the films. In a 

polycrystalline oxide semiconductor, oxygen adsorption and desorption may occur at all 
temperatures when heat treated in air. The decrease in electrical resistivity may be due to oxygen 

decomposition process into the deposited film. Table 3 shows the data of resistivity (P), carrier 

concentration (n), and mobility (μ), and Hall coefficient (RH). 

Table 3. Hall parameters of Fe:MnO2 thin films variation with Fe concentrations 

The carrier concentration raise and Hall mobility drops from pure to 4 at % Fe doping.  It is evident 

that the relatively low resistivity at of pure MnO2, compared to that of 4 at % Fe doping is mainly 

due to the increase of carrier concentration with some contribution from the decrease of mobility. 

This variation may for the sake of amount of oxygen vacancies. So if the oxygen vacancy was the 

dominant factor, its drop should have resulted in an increase in mobility, contrary to the Hall 

measurement. 

3.4 Sensing properties 

MnO2 thin films can be used for the sensing of the several biomolecules such as antibody, enzyme, 

receptor protein, nucleic acid, glucose, whole cell or tissue section etc.  The sensing mechanism of 

glucose based on the Fe: MnO2 thin films are primarily related with variation of active layer 

conductivity under glucose molecules [17]. Changing of their electrical properties interested in 

adsorption of oxygen by trapping an electron from the conduction band of the MnO2 semiconductor. 

Glucose sensing depends on the air oxidation of glucose molecules on the surface of the film layer 

and decomposition into glucono lactone (C6H10O6) and hydrogen peroxide (H2O2). Oxidation of 

glucose molecules on the surface of the film results in hydrogen peroxide molecules which pass 

through the porous thin film and adsorb on the surface of the counter electrode layer. In this study 

the sensing ability of the prepared thin films with respect to glucose (C6H12O6) was evaluated by 

four probe method where Fe: MnO2 thin film was the working electrode. In the glucose (C6H12O6) 
solution, NaOH is added to accelerate the current to reach a stable state as glucose and OH– aqueous 

ions are adsorbed in the film surface as, 

 C6H12O6 + H2O + NaOH→ C6H10O6 + O2 + H+ + 2e- 

In our experiment we measured the current through the as-deposited thin films with and without 

glucose solutions to check the response of the film. At first, the current through the Fe doped MnO2 

thin films was measured (without glucose solution) applying constant supply voltage (+64V) 

varying with time. Then glucose solution was set with the working electrode and current was 

Fe at%  

(103-m) 

 n 

(1017 cm-3) 

 μ 

(cm2 V-1 s-1 ) 

RH 

(cm3C-1) 

0 3.56 3.29 2.81 1.97 
2 2.17 3.86 2.32 1.53 

4 1.95 4.13 1.87 1.32 

6 3.88 4.02 1.99 1.68 

8 4.79 3.71 2.17 1.83 
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measured under the same conditions and observed the variation in current values. With the variation 

in current values, the glucose sensing abilities of the deposited thin films were confirmed and 

sensitivity was calculated using the formula: 

S (%) = |
𝐼𝑔  𝐼𝑎

𝐼𝑔
|  100 

Where 𝐼𝑎the current of the sensor in air and  𝐼𝑔 is the current under diffusive glucose. The dynamic 

properties of the sensor such as sensitivity, stability, response, and recovery times were all found to 

be time, Fe concentration and glucose concentration dependent. 

 

3.4.1 Sensing measurements  

In this experiment, recovery and response times on the variation of the sensing current of pure MnO2 

and 4 at% Fe: MnO2 were observed with and without introduction of glucose.  At first, for pure 

MnO2 and 4at% Fe: MnO2, sensors’ current was recorded in 5 minutes in air. Then, the current was 

observed with 0.2 M C6H12O6 glucose and found that current was sharply increased and after that, 

rapidly recovered the initial value. This result indicated that fabricated MnO2 sensor has a good 
response time. For determining the reproducibility, this process was repeated. Figures 4a and 4b 

show the typical current-time response plot of pure and 4 at % Fe: MnO2 thin films, respectively. 

It was observed that with the increase of time, the response and recovery times of the sensor were 

increased. It is clearly observed that the sensing current is increased with the Fe concentration and 

maximum current response is obtained at 4 at% Fe doping. This may be due to the incorporation of 

Fe into MnO2 and having more active sites for the detecting of glucose, displaying a shorter time. 

Both MnO2 and Fe: MnO2 act as active electrodes showing high current response with glucose 

solution and no noise was found as displayed in Figures 4a and 4b.  

 

Fig. 4. Current-time response plot of (a) pure MnO2
,(b) 4 at% Fe: MnO2. 

 

The reason of the phenomenon for the observed waveform is that the current of the prepared thin 

films changed when the aqueous glucose was adsorbed. This waveform shows a significant response 

which is clearly demonstrated by the change in current of undoped and Fe doped MnO2 thin films. 

MnO2 become more sensitive with a fast response in the presence of Fe which may due to their 
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unique surface properties such as a high surface area and a high pore density of surface that facilitate 

the transport of reactant (glucose) molecules and to enhance sensing performance. The main 

influence of glucose sensing properties to improve in the case of doped materials is also for 
enhancing the electrical properties. This leads to an increase of the electron concentration which 

eventually increases the oxygen vacancies-related defects in MnO2 nanoparticles. Therefore, more 

adsorption sites for glucose (liquid) molecules are provided by these oxygen vacancies causing the 

surface to be highly active for reaction so that sensing properties are improved. The rectangular 

response shown in Figure 4 confirms that there is no negative influence of D-glucose (C6H12O6) on 

the sensing performance of Fe dopedMnO2 thin films. Furthermore, high supply voltage and low 

glucose concentration may responsible for rectangular response. The sudden increase and decrease 

in current may occur by means of complete oxidation-reduction of glucose through film surface due 

to the effect of high supply voltage. A slight increase in current can be explained by a partial 

oxidation of glucose. In this system the film acts as an electron transmitter where electron conversion 

is occurred at high potential on the surface of the film. On the other hand at lower glucose 

concentration (≤ 1mol/ L) there is absence of any noise and the stages are well-formed which 
indicates a complete glucose oxidation. Hence glucose is deprotonated to gluconolactone (C6H10O6) 

in alkaline (NaOH) assisted aqua solution and adsorbs to the catalytic active film surface.  

 

3.4.2 Measurements of response time 

The response time was measured from the plot of time vs sensing current (with glucose) as shown 

in Figure 5. Figures 5 (a) and (b) show the response time of pure MnO2 and 4 at% Fe doped MnO2 

thin films electrode as 1.13 s and 1.02 s, respectively. Which may be due to the incorporation of Fe 

into MnO2, the Fe: MnO2 may own more active sites for the detecting of glucose, displaying a shorter 

time for the detecting of glucose. 

 

 

 

Fig. 5. Response time of (a) pure MnO2 and (b) 4at% Fe: MnO2. 
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3.4.3 Sensitivity with Fe concentration 

Figure 6 (a) shows the glucose response of pure MnO2 and 4 at% Fe doped MnO2 thin films.  The 

response was dramatically increased with the increase of Fe concentration especially for 4 at% than 

other concentrations. The sensitivity of the thin films prepared in this study is found higher than 

those in previous reports of spin-coated or electrodeposited MnO2 films [18]. 

 

 

Fig. 6. (a) Glucose sensitivity variation with Fe concentration at 5 minutes, and (b) Glucose sensitivity of pure 
MnO2 and 4 at% Fe:MnO2 variation with time. 

 

3.4.4 Sensitivity with time 

The Fe: MnO2 electrode exhibited better sensitivity for glucose detection than pure MnO2 film 

shown in Figure 6(b). Higher sensitivity may occur by means of higher surface area to volume ratio 

of the Fe:MnO2 than surface area of MnO2 for catalytic activity. However, the Fe:MnO2 electrode 

showed a higher detection than that of MnO2 because Fe: MnO2 showed more rising and recovery 

times than that of MnO2. Fe ions may be distributed homogeneously throughout the porous surface 

of Fe:MnO2 electrode. As a result local electron transfers due to redox reaction through the Fe:MnO2 

surface resulting higher detection of 4 at % Fe concentration. The high glucose detection of 4 at% 

Fe: MnO2 indicates the superior catalytic activity than pure MnO2. 

3.4.5 Sensitivity with glucose concentration 

Figure7 indicates the correlation of sensitivity between pure MnO2 and 4 at% Fe: MnO2 by changing 

the glucose concentration. It is found that both of the sensitivities change exponentially which satisfy 

the results reported by Hartono et al. [19] and Kondo et al. [20]. The sensor requires an elevated 

operating temperature to enhance redox reactions to achieve the optimum conditions. Dynamic 

responses of the sensor to different glucose concentrations of 0.05, 0.1, 0.3, 0.5 and 1 mol/L are 

shown in Figure 7. The dynamic response was not linear with respect to glucose concentrations. It 

is believed that at a particular concentration of C6H12O6, saturation may take place due to a lack of 

adsorbed oxygen ions to react with analytic molecules. 
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Fig.7. Glucose sensitivity of pure MnO2 and 4at% Fe. 

 

It is well known that in an air environment, oxygen molecules adsorb onto the surface of the 

nanostructured MnO2 layer to form O2
-, O- and O2- ions by extracting electrons from the conduction 

band. The oxygen adsorptions on the surface of nano oxides can be explained by the following 

reactions: 

O2 (gas) O2(ads) 

O2(ads)  + e-  O-
2(ads) 

O2(ads)  +2 e-  2O-
(ads) 

O-
(ads) +e-  O2-

(ads) 

The positively charged MnO2 surface and negatively charged adsorbed oxygen ions form a depletion 

region at the surface. Adsorbed oxygen can easily penetrate through the nanoparticle of around 20 
nm diameter and so free carriers can travel through it. When the device of nanostructured MnO2 is 

exposed to glucose, a complete removal of adsorbed oxygen from the nanoparticle will produce a 

highly conductive channel. With Fe donor, it is possible to grow n-type electron induced 

ferromagnetic semiconductor, to dissociate molecules and combine with the adsorbed oxygen, thus 

reinjecting electrons. Due to increased concentration of electrons, the depletion region decreases to 

produce a conductive channel along the nanoparticle, which strongly increases conductivity and thus 

higher sensitivity was found at 4 at% Fe: MnO2 than pure MnO2 thin film electrode. 

 

4. CONCLUSIONS 

The surface morphology, structural, optical and electrical properties of pure MnO2 and Fe-doped 

MnO2 thin films synthesized by a spray pyrolysis technique with different Fe concentrations of 0, 2, 

4, 6 and 8 at% are investigated. The surface homogeneity of the deposited thin films increases with 
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Fe content due to the effect of friction among the charge carriers. The surface is consisting of 

agglomerated nanoparticles. The crystallite size was calculated as 20 nm at 4 at%, may be suitable 

for sensor developments. Moreover, small crystallite size, regularity of surface morphology, low 

resistivity, and high carrier concentration obtained at 4 at% Fe-doped MnO2 thin films could be a 

favorable nanostructured biomedical sensor for glucose (C6H12O6) response. This indicates that 

MnO2 act as electrode which has better catalytic properties for the oxidation of glucose.  
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