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Abstract :  

Pristine and Ce 2%,Pr 2%, In 2% co doped with Mn 2% with ZnO Nano Materials  Synthesized via 

Solution Combustion Method. VSM studies shows that this doping shows the Ferromagnetic  Nature to 

the samples. 

The electrochemical studies of these samples shows the Over potential values. Tofel plots are drawn , tofel 

slop is the key parameter that reflects how quickly the current increases  with over potential and it helps 

infer the rate  determining step of the HER .In this plot 3% In/2%Mn doped ZnO  stands out showing the 

lowest Tafel slope of approximately 131.6 mv/dec, which implies faster electron transfer  kinetics and 

more favorable reaction path ways. Which is a parameter for fuel cells or energy storage devices. The gas 

sensing  capacity of the sample are tested and results shows that In is sensitive for gas sensing  at low ppm 

values like 10ppm etc. and Ce is sensitive at high PPM values like 1500ppm of gas concentration ,Pr is 

tried to test using an special instrument  for which the pellet preparation is failed due to its softness of the 

power sample. If it is tested using another for which no need of pellet preparation, then it may show the 

results. Any how rare earth and transition metal doped ZnO is sensitive for gas sensing at low ppm values 

of gas concentration. Hence these doped ZnO Nano Materials provide  good materials for Energy Storage 

Device manufacturing and for Gas Sensing. 

 

1. Introduction: 

Ce, In , Pr, co doped Mn/ZnO prepared via solution combustion method and their  Magnetic , 

electrochemical and Gas sensing were investigated and their results were discussed and presented in this 

paper. This Data was presented in the  thesis of S.M.Devasena (My thesis) Their preparation process were 

explained below. 

 

2. Experimental procedure : 

SCM was used to create Nano particles of ZnO and Mn/Ce doped ZnO (Mn = 2%, Ce= 0, 2,and 4%). The  
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ingredients are urea (CON2H4), polyethylene glycol (PEG-400), Zinc Nitrate Hexa hydrate 

(Zn(NO3)2.6H2O), Cerium  Nitrate Hexa hydrate [Ce(NO3)2.6H2O], Manganese acetate tetra hydrate 

(Mn(CH3COO)2.4H2O), and ammonium solution (NH3). No chemicals are further purified before usage; 

they are all acquired from Sigma-Aldrich and Hi-Media. In 40 ml of deionized water, 1:5 molar ratios of 

zinc nitrate and urea were dissolved. The zinc nitrate solution was added drop wise to the urea solution, 

which was then agitated for 30 minutes. The ammonia solution was then added drop by drop to the 

previously mixed solution till the pH reached to 9 at which point stirring was resumed. To this solution 2 

ml of PEG solution is added, and stirring carried out continuously for 7 hours. The solution was then kept 

for an hour in a closed muffle furnace set to a combustion temperature of 500 °C [35]. By fixing the 

concentration of the dopant Mn at 2% Mn/Ce-doped ZnO (Ce = 0%, 1% 2%, and 3%), Mn/Pr doped ZnO 

(Pr=0%, 1%, 2%, and 3%), and Mn/In doped ZnO(In=0%, 1% 2%, and 3%) samples are synthesized in a 

similar manner. Each prepared sample was annealed for one hour at 600°C. The chemicals used for Ce, 

Pr and In are Ce(NO3)3.6H2O,), Pr(NO 3)3 .6H O), In(NO3)2.9H2O) respectively. 

(1)Mn and Ce co-doped ZnO nanoparticles were successfully prepared through solution combustion 

method. All the chemicals, Zinc nitrate Hexa hydrate Zn(NO3)2.6H20,Urea(CON2H4), Manganese 

nitrate Tetra hydrate (Mn(CH3COO)2.4H2O) and), Cerium Nitrate Hexa hydrate (Ce(NO3)3.6H2O), and 

polyethylene glycol (PEG-400) and NH3 used in the present study are of AR grade (Sigma Aldrich 

99.99%) this process is shown in flow chart. 

 

 
Fig1: Synthesis of Ce/Mn doped ZnO Nano particles. 

 

(2) Mn and Pr co-doped ZnO nanoparticles were successfully prepared through solution combustion 

method. All the chemicals, Zinc nitrate tetra hydrate Zn(NO3)2.6H20,Urea(CON2H4), Manganese Nitrate 

tetra hydrate (Mn(CH3COO)2.4H2O) and), Presodimayam Nitrate Hexa Hydrate (Pr(NO3)3.6H2O), and 
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polyethylene glycol (PEG-400) and NH3 used in the present study are of AR grade (Sigma Aldrich 

99.99%) 

 

 
Fig 2: Synthesis of Pr/Mn doped  ZnO particles 

 

(3) Mn and In co-doped ZnO nanoparticles were successfully prepared through solution combustion 

method. All the chemicals, Zinc nitrate Hexa hydrate Zn(NO3)2.6H20,Urea(CON2H4), Manganese 

Nitrate Tetra hydrate (Mn(CH3COO)2.4H2O) and), Indium nitrate Nona hydrate (In(NO3)2 

.9H2O), and polyethylene glycol (PEG-400) and NH3 used in the present study are of AR. grade (Sigma 

Aldrich 99.99%) and used without further The procedure adopted for the Synthesis of these nanoparticles 

explained below . 

 

 
Fig 3 : Synthesis of In/Mn doped ZnO Nano particles. 

 

http://www.ijfmr.com/


 

International Journal for Multidisciplinary Research (IJFMR) 
 

E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR260380575 Volume 8, Issue 3, May-June 2026 4 

 

4. Electrochemical studies: 

For all synthesized samples the over potential values are determined under electrochemical investigations. 

From the Fig. it was noticed that the over potential values for dopants decrease from pure ZnO to doped 

ZnO. By putting this substance on electrodes during electrolysis, fuel cells can improve their performance 

using this feature. KOH was used as the electrolyte solution in this experiment. As a standard reference 

electrode, RHE was used to assess the samples' capacity. It is evident that the doped samples may be 

utilized to improve the fuel cell's ability to charge and discharge energy because all of them showed 

decreased over-potential values.[13] 

 
X-Axis :  A: Current       Y- Axis :  F -Over potential 

Fig 4 .Peak fitting analysis of electrochemical studies for Ce/Mn,Pr/In/ Mn-doped ZnO 

 

The electrocatalytic efficacy of a ZnO nanoparticle was investigated using a high-resolution peak fitting 

approach. According to the investigation, co-doping ZnO with Mn and rare earth elements enhances its 

electrocatalytic activity by adding  numerous active sites, improving charge transfer kinetics, and maybe 

changing its electronic structure. The peaks are probably potential values in millivolts or volts, especially 

those between 20 and 80 units. Rare earth dopants like Ce, Pr which are known to improve oxygen 

adsorption and redox kinetics, may be responsible for the peaks at higher potentials. This multi-peak 
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analysis is a useful tool for logical catalyst design and offers important insight into the mechanisms causing 

improved activity. 

 

 

Current Density 

Fig:5 (a) Analysis of overpotential Vs Current density 

 

 

Potential V Vs RHE 

(b) Analysis of V vs RHE plot 

Fig.5;  (a) and (b) .The Electro Catalytic Performance of Ce/In/Pr Co doped Mn/ZnO Nano 

Particles 
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[ 1 - Pure ZnO, 2 – 2%Mn/ZnO, 3 - 3%Ce/2% Mn doped ZnO, 4 - 3%Pr/2% Mn doped ZnO, 5 - 3%In/2% 

Mn doped ZnO ] 

The electrocatalytic performance of various ZnO based materials presumably including Ce/Mn co-doped 

ZnO toward the hydrogen evolution reaction (HER) in an acidic or neutral electrolyte. Fig. 6.9 (a) 

describes a Tafel plot, which is derived from the LSV data and offers insights into the reaction kinetics. 

The Tafel slope is a key parameter that reflects how quickly the current increases with overpotential, and 

it helps infer the rate-determining step of the HER. In this plot, 3%In/2% Mn doped ZnO again stands out, 

showing the lowest Tafel slope of approximately 131.6 mV/dec, which implies faster electron transfer 

kinetics and more favorable reaction pathways. This lower slope suggests that Cr and Mn doping 

introduces more active sites or alters the surface electronic structure of ZnO to facilitate hydrogen 

evolution. Samples with higher Tafel slopes, such as 3%Pr/2% Mn doped ZnO (280.7 mV/dec) and Pure 

ZnO (239.4 mV/dec), exhibit sluggish kinetics, indicating that either the electron transfer step or hydrogen 

adsorption is severely hindered[14]. 

Taken together, these two plots confirm that Ce/Mn co-doped ZnO outperforms undoped or singly doped 

ZnO materials in terms of both catalytic efficiency and reaction kinetics. The co-doping likely enhances 

electrical conductivity, increases the density of active sites, and introduces favorable defect chemistry, all 

of which contribute to its superior performance. These improvements position Ce/Mn co-doped ZnO as a 

promising low-cost electrocatalyst for hydrogen production via water splitting. 

Fig 6.9 (b) shows the linear sweep voltammetry (LSV) curves, which represent the relationship between 

current density and applied potential (vs. RHE). These curves are crucial for evaluating the HER efficiency 

of a catalyst. Among the five samples plotted, one (3%In/2% Mn doped ZnO ) clearly demonstrates 

superior catalytic performance. This is evident from its more positive onset potential and its ability to 

reach a benchmark current density of −10 mA/cm² at a relatively low overpotential of approximately −0.32 

V vs. RHE. In contrast, other samples like 1 (Pure ZnO) and 5 (3%In/2% Mn doped ZnO ) require much 

higher overpotentials (up to ~−0.45 V) to achieve the same current density, indicating significantly poorer 

HER activity[15]. 

Electrochemical study discusses methods for calculating key variables in electron transfer processes, 

including half-wave potential and limiting current. It compares current-potential responses for different 

electrode sizes, geometry, and dynamics. A universal, normalized current-potential response is obtained 

for reversible electrode reactions, but not nonreversible ones. The study also investigates the capacitive 

behavior of ZnO, modified ZnO, and 9 wt%Zr-doped ZnO nanostructures using cyclic voltammetric 

studies, galvanostatic charge-discharge analysis, and electrochemical impedance spectroscopic methods. 

The materials show electrochemical reversibility. 

 

5: Gas Sensing: 

The gas sensing performance indicating how quickly the sensor responds to the presence of a target gas. 

The response times are calculated based on the difference between the resistance in the gas environment 

(Rg) and in air (Ra). 

According to gas sensing research, In with varying ppm values—such as 10 ppm, 15 ppm, and 20 ppm—

is examined for n-butane gas sensing and demonstrates a boost in detecting capability; as a result, it is 

utilized to create better sensing devices. The amonium gas was also sensed by Ce, but it performs best at 

1500 ppm. Response time and resistance response determine sensing capacity. Response time is the 

amount of time needed to detect 90% of the gas from 0% 
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Time (in Sec) 

Fig. 6 Gas Sensing Effects of (In/Mn )ZnO 

 

Analysis: Response Time of 1 %In Rg-Ra= 680-640=0.06 sec , 

Response Time of 2 %In      (Rg-Ra) / Ra= 710-680=0.044 sec, 

Response Time of 3 %In     Rg-Ra= 840-812=0.034sec. 

As Concentration Of In Increases , Response Time Decreases  indicates as concentration increases 

response in very short period for hazardous gases to detect safety increases 

Response times are Computed Employing the difference between Air resistance (Ra) and Gas 

Environment Resistance (Rg). The Response Time is determined as follows: (Rg-Ra)/Ra = 

680−640=40/640= 0.06 seconds for 1% doping. The response time to decreases (710−680)/680 

=0.044seconds ,when the doping concentration is raised to 2% In. The fastest response time is recorded at 

3% In, with (840−812)/812=0.034sec seconds. This trend suggests that, in contrast to the image's text 

conclusion, which inaccurately claims that reaction time increases, increasing the Indium concentration in 

Mn-doped ZnO results in a decrease in response time. The data actually demonstrates a steady drop in 

response time, suggesting more rapid sensing ability with increased In content. superior charge carrier 

density, more surface defects, and superior adsorption-desorption dynamics brought about by In³⁺ ions—

which alter the electronic structure and promote gas interaction—are probably the causes of this 

improvement[16]. Performance of gas sensing with (In/Mn )ZnO and (Ce /Mn )ZnO nanoparticles is 

described in fig. 6.10. 

In contrast to what is commonly seen in (Ce/Mn)-doped ZnO systems, the rare earth element 

Praseodymium is known to produce oxygen vacancies and improve target gas chemisorption[]17]. 

Although both In and Pr co-dopants enhance sensing capabilities, Pr tends to increase surface reactivity 

whereas In often increases electronic conductivity. As a outcome, In/Mn co-doping promotes quicker 

response and recuperation times, whereas Pr/Mn co-doping may provide greater sensitivity. As a result, 

even though the current plot for (In/Mn)ZnO displays attractive response behavior, switching from In to 

Pr may cause the emphasis to change from speed to sensitivity or operating temperature optimization[18]. 
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When the gas concentration increases from low to high, the response time reduces. Toxic gases from the 

atmosphere and gas pipe line leaks can be detected with the help of a device or sample's response time, 

which is a measure of its gas sensing capacity. And a serious accident that should be prevented is the 

discharge of hazardous gas. Our sample can detect at very low times, about 30 to 40 seconds less than a 

minute, to prevent explosions or fires. 
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