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ABSTRACT 

 
Star shaped γ-MnO2 nanostructures  have been successfully prepared by hydrothermal synthesis 

method using manganese sulphate monohydrate and sodium perchlorate at 160º C for 12 hours ,and then 
preparing doped samples of the same prepared star shaped γ-MnO2 nanostructures with 5% of each of iron 
and copper separately for enhancing the electrochemical performance of these nanostructures.  The chemical 
and structural characterization of the prepared materials were done using XRD, SEM, EDS, and Raman 
spectroscopy, and then the electrochemical performance of the assembled zinc-nanoMnO2 rechargeable 
battery was done by electrochemical impedance spectroscopy (EIS) and galvanostatic charge – discharge, the 
results showed that the Cu doped sample had better electrochemical behavior , it had lower charge transfer 
impedance than the iron doped sample, and its specific capacity (306.8 mAh/g) and was very close to the 
theoretical specific capacity of MnO2 .  
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INTRODUCTION 
 

In recent decades MnO2 has been considered as a very promising metal oxide with potentials for 
different applications owing to its nontoxicity, natural abundance, high activity, and low cost compared with 
other transition metal oxides. It has been applied in different fields; biosensors [1-2], rechargeable batteries 
[3-7], supercapacitors [8-11], and catalysis [12-14]. MnO2 has various polymorphs, such as α-, β-, γ- , δ- and λ 
[15,16] which differ in the way the basic units [MnO6] octahedral are connected to each other in the crystal 
structure which gives raise to different tunnel size and shape for α (2x2),β(1x1), and γ(1x1 and 1x2) phases 
[17], and makes a layered structure in the case of δ-MnO2. γ-MnO2 has a complicated structure which can be 
considered as a random intergrowth of various amounts of pyrolusite phase (1x1) within a ramsdelite phase 
(1x2) as first described by De Wolff [18]. The tunnels inside the crystal structure have dimensions of (2.3Aº 
x2.3Aº) and (2.3Aº x4.6 Aº) for the (1x1) and (1x2) tunnels respectively [19, 20]. This crystal structure has been 
used for many years in secondary alkaline batteries and primary batteries. Although lithium ion batteries had 
taken over the rechargeable battery sales due to their high energy densities, however there are some concerns 
about these batteries; the high cost, limited sources of lithium, and because of using organic solvents that 
have explosive nature, which raised the need to develop other safer aqueous batteries [21]. Among the other 
available rechargeable batteries nowadays, rechargeable zinc – manganese dioxide aqueous batteries are 
considered the most convenient alternative [22]. The use of nanomaterials in batteries have improved their 
electrochemical performance [23] due to the small size of these materials which will lower the volume 
expansion during intercalation - deintercalation of cations from the electrolyte solution during repeated 
charge – discharge processes and will increase the contact surface area between the electrode / electrolyte 
and will decrease the length the diffusion path for both electrons and ions [24, 25].    

 
Using mild aqueous electrolyte in these kind of batteries like zinc sulphate with a mild acidic pH (4-6) 

which showed some promising results [26, 27]. 
 

MATERIALS AND METHODS 
 

All materials were used without further purification, MnSO4.H2O (99%) supplied from Fluka, both 
Polyvinylidene difluoride (PVDF) (99%) and N-methyl-2- pyrrolidone  (NMP) from Tob-new energy China, 
Sodium chlorate NaClO3(99%) from BDH, copper nitrate tri hydrate Cu (NO3).3H2O (99%) from Fluka, iron 
nitrate nona hydtrate Fe(NO3)3.9H2O(98%) from Fluka, Zinc sulphate heptahydrate ZnSO4.7H2O (99%) from 
Merk. 

 
All the γ-MnO2 nanostructures ( undoped and doped with iron and copper) were prepared using 

hydrothermal synthesis method using a 100 ml Teflon liner placed into a stainless steel reactor , then the 
prepared materials were characterized using SHIMADZU (XRD) 6000 X-Ray diffractometter, Raman 
spectroscopy was performed using Senterra BRUKER, FE-SEM images to determine the morphology of the 
samples were done using FE-SEM Hitachi S-4160, and then these prepared samples were applied in aqueous 
zinc- ion rechargeable batteries, and was tested for electrochemical performance using Metrohm Autolab.    

 
Experimental part  
 
Materials synthesis   
 

The undoped star shaped γ-MnO2 nanostructures were synthesized by the reaction between NaClO3 
as an oxidizing agent and MnSO4.H2O with mole ratio of (2:1). After taking weight of the starting materials they 
were dissolved in distilled water and magnetically stirred till the solution became clear, then transferred into 
100 ml Teflon liner and hydrothermally treated at 160º C for 12 hours, after that it has been left to cool down 
naturally. Then the dark brown precipitate of γ -MnO2 was collected and washed several times with distilled 
water and ethanol and then it was dried at 60ºC for overnight. 

 
For the preparation of the doped samples, the same synthesis procedure of preparing undpoed γ- 

MnO2 nano star shapes was used with the addition of (5 % weight ) of Fe(NO3)3.9H2O into the reaction solution 
to prepare Fe doped γ- MnO2 nano stars, and (5 % weight ) Cu(NO3).3H2O to prepare Cu doped γ- MnO2 nano 
stars  in two separate hydrothermal processes at 160ºC for 12 hours. Then the precipitate was collected, 
washed with distilled water and ethanol, and then dried at 60ºC for 12 hours. 
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Zinc-MnO2 battery assembly: 
 

The prepared undoped and doped MnO2 samples were used to assemble a zinc/ MnO2 battery, the 
MnO2 cathode is prepared by mixing a ratio of 75:15:10 % of the prepared MnO2 nanostructure powder, 
Polyvinylidene difluoride (PVDF) binder and carbon black respectively, the mixture was finely grinded with a 
mortar and then mixed with some drops of NMP solvent to make a past, this paste was applied on a titanium 
sheet as a current collector (with 1mm thickness)  and dried in oven at 100ºC overnight. After that the battery 
was assembled by placing a layer of the cathode, a piece of filter paper soaked with ZnSO4 (0.5M) electrolyte 
and the anode which is a zinc sheet (with 2mm thickness). 

 
Characterization: 

 
To determine the phase of the prepared nanostructures of γ-MnO2 samples X-ray powder diffraction 

(XRD) patterns have been measured using Shimadzu ( XRD 6000) x-ray diffractometer with Cu Kα radiation 
(λ=1.54056A° ). The size and morphology have been examined using field emission scanning electron 
microscopy (FESEM Hitachi s-4160). Surface area of the prepared samples was done with N2 adsorption at 
77.35K using ThermoQuest SpA surface area analyzer. Electrochemical characterization galvanostatic charge-
discharge, and electrochemical impedance spectroscopy were performed on the assembled batteries using 
Metrohm Autolab. 

 
RESULTS AND DISCUSSION 

 
XRD patterns of the prepared γ-MnO2 nanostructures for the doped and undoped samples are shown 

in figure (1). All the diffraction peaks can be clearly indexed to pure phase of orthorhombic γ-MnO2 and the 
peaks are with a good agreement with the standard reported data ( JCPDS card No. 14-644, with lattice 
parameters a= 6.36Aº , b=10.15 Aº and c=4.09 Aº).  

 
Figure (2) shows the SEM images of the prepared γ-MnO2 nanstars the morphology is six branched 

crystal or a star like shape with dimensions of ~140 nm near the center of the star shape and around 55-70nm 
near the tips, and with variable lengths about 1.5-8 μm. 
 

The EDS analysis for doped γ-MnO2 nanostars in figures (4) and (5) showed that the doping percent 
practically is about 5% Fe and 3% for Cu indicating the successful doping process for these nanostructures 
especially in the case of Fe doped sample. 
 

Raman scattering spectra shown in Fig (6) for the prepared pure and the doped γ -MnO2 nano stars 
samples it clearly shows that the samples have the same pattern, the peaks in the region between (500-700 
cm-1) are characteristic for γ -MnO2 [28], the two sharp peaks at 582 and 658cm-1 are attributed to stretching 
mode of Mn-O bond in the [MnO6] octahedral units [29]. 
 

The BET analysis for the undoped prepared sample showed specific surface area of (9.16 m2/g), the 
low surface area is may be due to the agglomeration of these structures as shown in the SEM images in figure 
(2). 
 

For the estimation of the electrochemical behavior of the prepared samples, electrochemical analysis 
including charge-discharge analysis and electrochemical impedance spectroscopy (EIS) were used to test the 
undoped and doped samples.    The practical specific capacity was calculated from the results of the charge-
discharge according to the following equation [30]: 
 

𝐶𝑠 =
i x t

m 
           eq.1 

 
Where i is the applied current, t is the discharge time and m is the weight of the active material. And 

the calculated values of the specific capacities are listed in table (1). The highest value for the specific capacity 
of the prepared samples was for the Cu doped γ-MnO2 nano star shape, this value is very close to the 
theoretical specific capacity of MnO2 (308.3 mAh/g). The Nyquist plots in figure (10) showed a small semicircle 
and a straight line for the three samples, and figure (11) shows the equivalent circuit diagram for fitting the EIS 
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data. In this diagram, the equivalent circuit consist of R1 which represents the ohmic resistance of the solution, 
R2 is the interface resistance ,R3 represent  the charge transfer resistance , QEP represents a constant phase 
element which represents the double layer capacitance and W is Warburg diffusion impedance which is  
related to the diffusion of Zn+2 ions in the lattice of MnO2 , (R2/QEP1) represents impedance of the interphase 
between the electrolyte and the surface layer of MnO2 that is in contact with the electrolyte solution, and 
(R3/QEP2) represents the charge transfer resistance. The EIS results in table (1) showed the lowest charge 
transfer impedance for the Cu doped sample then for the Fe doped sample and then for the undoped sample, 
the Cu doped sample showed the smallest semicircle indicating that the Cu doped sample has the better 
capacitance behavior and the sharp line which is attributed to the low charge transfer impedance and better 
diffusion process, these results are may be due the fact that the copper has higher conductivity than the other 
elements, also the lower oxidation state of the dopants lead to having more negative charges and this will lead 
to the increase of the cations like (K+) inside the crystal tunnels to balance the total charge , which can improve 
the conductivity throw having oxygen vacancies[31, 32]. 

 

 
Figure 1: XRD patters for (A) undoped γ-MnO2 nanstars, (B) 5% Cu doped γ-MnO2 nanstars and (C) 5% Fe 

doped γ-MnO2 nanstars. 
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Figure 2: FE-SEM images of the prepared star like γ-MnO2 nanostructure in different magnifications. 

 
 

Figure 3: The EDS analysis for undoped γ-MnO2 nanostars with table showing the weight and atomic percent 
of the detected elements. 
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Figure 4: The EDS analysis for γ-MnO2 nanostars doped with 5% Fe with table showing the weight and 

atomic percent of the detected elements. 

 
Figure 5: The EDS analysis for γ-MnO2 nanostars doped with 5% Cu with table showing the weight and 

atomic percent of the detected elements. 
 

 
 

Figure 6: Raman scattering spectra for (A) undoped γ-MnO2 nanostars (B) γ-MnO2 nanostars doped with 5% 
Cu (C) γ-MnO2 nanostars doped with 5% Fe. 
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Figure 7: Charge and discharge plot for γ- MnO2 nanostars. 
 

 
 

Figure 8: Charge and discharge plot for γ- MnO2 nanostars doped with 5% Fe. 
 

 
 

Figure 9: Charge and discharge plot for γ- MnO2 nanostars doped with 5% Cu. 
 

 
Figure 10: Nyquist plots for undoped γ-MnO2 nanostars (in black), γ- MnO2 nanostars doped with 5% Cu (in 

red color) and γ- MnO2 nanostars doped with 5% Fe ( in blue) 
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Figure 11: Diagram of equivalent circuits to fit the EIS data. 
 

nanostars and doped with 5%  2MnO-Table (1): The electrochemical parameters for the prepared undoped γ
Fe and 5% Cu. 

 

 
CONCLUSIONS 

 
γ-MnO2 star shape nanostructures and 5% Fe and 5%Cu doped γ-MnO2 nanostars have been 

successfully prepared by a one step hydrothermal synthesis method. These nanostructures were applied in 
zinc-ion rechargeable battery with mild electrolyte using aqueous solution of zinc sulphate (0.5 M) for studying 
the effect of doping with some transition metals on the electrochemical behavior of these nanostructures. The 
calculated specific capacity of Cu-doped sample was higher than the other samples and was very close to the 
theoretical value of the specific capacity of the MnO2 and the Fe doped sample also showed higher specific 
capacity than the undoped sample, and the EIS data showed that the Cu-doped sample has lower charge 
transfer impedance, which indicates that doping MnO2 with these transition metals give an enhancement for 
the electrochemical properties of MnO2 cathode.  
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