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1. Introduction 

    Today, the main focus of human civilization is the 

environment, alternative energy sources and information 

technology, as people around the world are trying to 

establish a relationship between the environment and 

modern life. [1]. Renewable, efficient, and 

environmentally friendly alternative energy sources, which 

are one of the main challenges in the world today, are under 

research and development. Fuel cells seem to be the 

potential answer to this challenge [2]. In the past decades, 

fuel cells have attracted much attention as energy 

converters with high efficiency, and low/zero emissions 

due to the high energy demand, reduction of fossil fuels, 

and reduction of environmental pollution. Direct methanol 

fuel cells (DMFCs) use methanol fuel, which is easy to 

transport and store, simplifying fuel cell systems. DMFCs 

have outstanding properties, including low operating 

temperature, easy fluid handling, as well as high energy 

density, which make them promising candidates for the 

power supply of portable electronic devices. Although 

many studies have been conducted in this field, DMFCs 

have several problems that need to be addressed in terms of 

efficiency as well as power density [3, 4]. Platinum (Pt) has 

a high electrocatalytic performance for methanol oxidation 

(MO) at low temperatures below 100 °C [5]. Since the early 

1970s, researchers have thoroughly investigated the 

oxidation of methanol, in particular the identification of 

reaction intermediates, the modification of the platinum 

surface as well as the toxic species and products to achieve 

better resistance to poisoning and higher activity at lower 

potentials. Several authors have reviewed the results. 
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In this research, Nd2CuFe2O7 (NCuFO) nanoparticles were synthesized through the 

coprecipitation method and identified by energy dispersive X-ray (EDX), elemental 

distribution map, field emission scanning electron microscopy (FESEM), and 

transmission electron microscopy (TEM) analyses. Polyaniline (PANI) and 

chitosan (CHS) were used as effective and suitable substrates for nanoparticles. A 

novel Pt-NCuFO/PANI-CHS nanocatalyst was prepared by chemical reduction of 

hexachloroplatinic acid in the presence of NCuFO nanoparticles on the PANI-CHS 

substrate. The nanoparticles' distribution on the substrate was shown by TEM 

images. The catalytic performance of the Pt-NCuFO/PANI-CHS for methanol 

electro-oxidation was evaluated, compared to Pt/PANI-CHS. The effects of several 

experimental factors for methanol electro-oxidation were investigated. Pt-

NCuFO/PANI-CHS catalyst showed better antipoisoning effect, higher 

electrochemically active surface area, and better stability towards methanol 

oxidation than Pt/PANI-CHS catalyst. The improved catalytic performance of Pt-

NCuFO/PANI-CHS, compared to Pt/PANI-CHS suggests its promising application 

in direct methanol fuel cells. 
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Although significant amounts of methyl formate, formic 

acid, and formaldehyde were detected, the main product of 

the reaction was CO2. Further research shows that the most 

important reactions are methanol absorption and CO 

oxidation. Platinum is a very active metal for adsorbing 

methanol decomposers. However, CO can easily poison 

platinum at room or moderate temperatures [6]. Although 

DMFCs are proposed as promising energy sources due to 

their high conversion energy efficiency, their 

commercialization is hindered by obstacles such as the low 

kinetics of MO as well as the penetration of methanol into 

the proton exchange membrane. There is a general 

agreement that the key reason for the slow kinetics of MO 

is the CO species produced during MO. The most 

commonly accepted strategy for the prevention of CO 

poisoning is the use of platinum/metal oxide composites or 

platinum-based alloys according to the electronic effect 

and functional mechanism [7]. Beyond energy conversion 

applications, nanocatalysts in organic synthesis—

leveraging nanoscale particle size, enlarged active surface 

area, and engineered metal–oxide/support interfaces—

consistently deliver enhanced activity, selectivity, and 

resistance to deactivation [8, 9]. Likewise, polymer-based 

nanocomposites (e.g., PANI–CHS), readily synthesized via 

solution/gel routes, have been widely applied to dye and 

pollutant adsorption owing to their tunable porosity and 

abundant functional groups, underscoring the importance 

of interfacial engineering and dispersion control [10-19]. 

Guided by these principles, we uniformly disperse 

platinum nanoparticles on a conductive PANI-CHS matrix 

and couple them with the mixed-metal oxide Nd2CuFe2O7 

(NCuFO) to supply surface oxygen species and efficient 

charge-transport pathways, thereby enhancing methanol 

electro-oxidation kinetics, operational stability, and CO 

tolerance. Various metal oxides such as Pr, Sm, and Ce in 

mesoporous carbon have been used to increase the 

performance of Pt nanoparticles for methanol oxidation 

reaction (MOR) [20]. In recent years, perovskites with 

chemical composition ABO3-δ and with outstanding 

electrical conductivity are considered promising candidates 

for the direct methanol fuel cell's anode [21, 22]. The 

uniform dispersion of platinum nanoparticles in a suitable 

polymer substrate or the platinum nanoparticles' deposition 

on cheap metal materials is one of the ways to increase the 

catalytic activity of platinum for the oxidation of alcohols 

and reduce the cost of anode materials in the fuel cells' 

applications [23-26]. Good environmental resistance, 

cheap production in large quantities, easy control, and easy 

synthesis are the properties that make polyaniline (PANI) 

commercially attractive. PANI has been widely 

investigated for its electrochemical, chemical, optical, and 

electrical properties. In addition, it is resistant to air and has 

an easy synthesis method. However, the impenetrability 

and solubility in common organic solvents are the main 

disadvantages of PANI [27]. This material is easily used as 

foam. The thin film is not made with good mechanical 

properties, so its application is limited in practice. In this 

regard, many efforts have been made to make polyaniline 

composites with better processability, and mechanical 

properties while maintaining the conductivity of the 

polymer. Recently, mixtures containing conductive 

polymer and hydrogel have attracted considerable 

attention, because they can produce electroactive hydrogels 

capable of physical or chemical transport in response to the 

electrical potentials. Chitosan (CHS) as a copolymer of 2-

acetamide-2-deoxy-D-glucopyranose and 2-amino-2-

deoxy-D-glucopyranose using glutaraldehyde cross-

linking agents has a crosslinked styrene polymer with 

hydrogel-like properties. CHS in the form of hydrogel has 

many applications such as separation membranes, 

wastewater treatment, food packaging, wound healing, and 

drug delivery systems [28]. In this research work, after the 

preparation of NCuFO nanoparticles, the novel Pt-

NCuFO/PANI-CHS nanocomposite was synthesized by 

chemical reduction of hexachloroplatinic acid in the 

presence of NCuFO nanoparticles on PANI-CHS 

substrates. The performance of the Pt-NCuFO/PANI-CHS 

nanocomposite for methanol oxidation was investigated for 

the first time, and compared with that of Pt/PANI-CHS. 

The electrochemical investigations were performed 

through different electrochemical techniques, including 

cyclic voltammetry (CV), chronoamperometry (CA), and 

electrochemical impedance spectroscopy (EIS). The results 

showed that the catalytic performance of Pt-

NCuFO/PANI-CHS nanocatalyst for MOR was much 

better than that of Pt/PANI-CHS nanocatalyst. 

 

  2 Materials and methods 

     Fe (NO3).9H2O, NdCl3.6H2O (98%), CuCl2.6H2O, 

NaOH, and octanoic acid from Merck were used for the 

synthesis of NCuFO nanocatalyst. Hexachloroplatinic acid 

and sodium tetrahydroborate from Merck were used to 

prepare the platinum nanoparticles. Polyaniline was 

obtained from Sigma Aldrich. Chitosan was purchased 

from Fluka and used as a substrate for the preparation of 

Pt-NCuFO/PANI-CHS nanocatalyst. Sulfuric acid (98% 

Merck) was used as electrolyte. 1% acetic acid solution 

(refrigerated, 100% Merck) was used to prepare the CHS 

solution. Methanol (99.2%) was purchased from Merck 

and its oxidation was investigated. A 

potentiostat/galvanostat Autolab apparatus (model 

PGSTAT 302N, Metrohm, Netherlands) was used to 

perform the electrochemical studies. A three-electrode cell 

was applied. A saturated calomel (SCE) electrode, a glassy 
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carbon (GC) electrode, and a platinum electrode were used 

as reference, working, and counter electrodes, respectively. 

 

2.1 Preparation of nanocatalyst 

      To prepare the NCuFO nanocatalyst, first 0.0111 mol 

of NdCl3.6H2O, 0.11 mol of Fe(NO3)3.9H2O, and 0.0055 

mol of CuCl2.6H2O were each dissolved in 10 mL of 

distilled water and mixed. Next, 2 ml of octanoic acid was 

poured into the solution and stirred vigorously. The 

solution pH was adjusted to 9 using 5 M NaOH. The 

precipitate was washed and dried. Afterwards, the powder 

was calcined at 800°C for 4 hours. NCuFO nanocatalyst 

was synthesized and identified. 

 

2.2 Synthesis of Pt-NCuFO/PANI-CHS   nanocomposite 

      To prepare the Pt-NCuFO/PANI-CHS nanocatalyst, 

first, 1 mg of PANI was dissolved in a mixture of CHS and 

deionized water (1:7 ratio). After adding 2 mg of NCuFO 

catalyst, sonication was performed for 1 hour. Then, 25 μl 

of hexachloroplatinic acid 1 M was added to the solution 

and stirred for one hour. Later, 50 μl of sodium 

tetrahydroborate 5 M was added to the mixture. After 

stirring for 24 hours, the resulting mixture was centrifuged 

and washed several times with deionized water. Pt-

NCuFO/PANI-CHS nanocatalyst was prepared after 

drying the mixture for 12 hours at 60°C. Pt/PANI-CHS 

nanocatalyst was prepared using the same method without 

using NCuFO nanoparticles. 

 

2.3. Preparation of electrodes 

     In order to prepare the GC/Pt/PANI-CHS and GC/Pt-

NCuFO/PANI-CHS modified electrodes, 2 mg of the 

catalyst powder was added to 1 ml of CHS solution and 

sonicated for ten minutes. Then 5 μl of the respective 

suspension was placed on the surface of glassy carbon 

electrodes and dried at room temperature. 

 

3. Results and discussion 

3.1. Characterization of the catalysts 

The elemental distribution map of the NCuFO 

nanoparticles is shown in Fig. 1A. EDX analysis also 

confirms the formation of NCuFO trimetallic mixed oxide 

nanocatalyst (Fig. 1B). The elemental composition of the 

catalyst is presented in the inset of Fig. 1B. The 

morphology and size distribution of the particles have been 

investigated from the TEM images. The TEM image of 

NCuFO nanocatalyst is shown in Fig. 1C. The synthesized 

nanoparticles have a spherical shape with a mean particle 

size of 13.75 nm, which is in good agreement with the XRD 

results.  The formation of NCuFO nanocatalyst was 

identified by FESEM analysis, indicated in Fig. 1D. As 

shown, the NCuFO nanocatalyst has a porous structure. 

This porous structure forms many active sites on the 

surface which can be a good host for guest ions. TEM 

images of Pt/PANI-CHS and Pt-NCuFO/PANI-CHS 

nanocatalysts are exhibited in Fig. 2. As shown, the 

spherical Pt nanoparticles are distributed in the PANI-CHS 

matrix and around the NCuFO nanoparticles. The average 

particle size of Pt and NCuFO nanoparticles was 

approximately 3.58 nm and 13.41 nm, respectively. 

 

3.2. Electrocatalytic studies 

     Fig. 3A shows the electrochemical behavior of 

Pt/PANI-CHS and Pt-NCuFO/PANI-CHS in sulfuric acid 

0.5 M. The electrochemical active surface (EAS) was 

obtained by measuring hydrogen adsorption and desorption 

charges in 0.5 M sulfuric acid using equation (1) [29]. 

EAS =  
QH

0.21 × [Pt]⁄                            (1)  

     In this equation, QH represents the columbic charge for 

hydrogen absorption and desorption, and 0.21 mC cm-2 is 

the required charge to absorb hydrogen monolayers on the 

surface of platinum nanoparticles. The platinum loading 

[Pt] on the GC electrode was 2.056 μg, obtained by 

inductively coupled plasma optical emission spectroscopy 

[30].  

With the uniform loading of Pt nanoparticles, the 

electrochemical active surface area value for the Pt-

NCuFO/PANI-CHS catalyst (160.58 m2g-1) was much 

higher than that of Pt/PANI-CHS (54.69 m2g-1), indicating 

its higher catalytic performance and higher amounts of 

active sites for MO than Pt/PANI-CHS [31] (Fig. 3B). 

Thus, Pt-NCuFO/PANI-CHS is expected to have the 

enhanced electrocatalytic activity for MOR, compared to 

Pt/PANI-CHS. 

The catalytic performance of Pt/PANI-CHS and Pt-

NCuFO/PANI-CHS nanocatalysts for methanol electro-

oxidation was studied in sulfuric acid 0.5 M and methanol 

1.5 M (Fig. 3c). The synthesized catalysts had two 

oxidation peaks for methanol electro-oxidation. The first 

anodic peak (jf) in the forward scan is related to the electro-

oxidation of methanol and the second oxidation peak (jb) is 

related to the oxidation of intermediates produced during 

MO [32]. In Pt-NCuFO/PANI-CHS and Pt/PANI-CHS 

nanocatalysts, the first MO peak was observed at 0.861 and 

0.763 V, respectively. The second MO peak was observed 

in the reverse scan at 0.594 and 0.463 V, respectively. As 

shown in Fig 3D, Pt-NCuFO/PANI-CHS had enhanced 

electrocatalytic activity, compared to Pt/PANI-CHS 

catalyst. 
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Fig. 1. A) The elemental distribution map of the NCuFO nanoparticles, B) EDX analysis, C) TEM image and size distribution of 

NCuFO nanoparticles and C) FESEM image 
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Fig. 2. TEM images of A) Pt/PANI-CHS and B) Pt-NCuFO/PANI-CHS catalysts. Histograms of particle size distribution are also 

shown. 

 
The mass activity of the anodic peak of MO at Pt-

NCuFO/PANI-CHS (11397.073 mA mg-1
Pt) was higher 

than that of Pt/PANI-CHS (6120.488 mA mg-1
Pt). Pt-

NCuFO/PANI-CHS exhibited enhanced catalytic activities 

for MOR in comparison with Pt/PANI-CHS. The 

incorporation of NCuFO with PANI-CHS and their use 

with Pt nanoparticles improved the Pt catalytic 

performance for MOR. The behavior of Pt/PANI-CHS and 

Pt-NCuFO/PANI-CHS for methanol electro-oxidation was 

investigated by electrochemical impedance spectroscopy 

(EIS). EIS analyses were carried out using Nyquist curves 

[33] in the range of 1 × 10-3 to 1 × 10-2 Hz at open circuit 

potential in 0.5 M sulfuric acid and 1.5 M methanol (Fig. 

4A). The presence of a small semicircle in the high-

frequency region in each Nyquist curve is attributed to the 

charge transfer process at the electrode and electrolyte 

interface. A straight line in the low-frequency region refers 

to the diffusion process in the synthesized catalysts. As 

shown in Fig. 4A, the Pt-NCuFO/PANI-CHS catalyst has 

a smaller semicircle diameter and a more vertical straight 

line than Pt/PANI-CHS indicating the faster kinetics of Pt-

NCuFO/PANI-CHS for the ion diffusion process and the 

faster charge transfer reaction of this catalyst, compared to 

Pt/PANI-CHS for methanol electro-oxidation [34]. The 

chronoamperometry (CA) method was employed to 

measure the long-term stability of Pt-NCuFO/PANI-CHS 

and Pt/PANI-CHS catalysts for the MO reaction. CA 

curves were obtained at 0.8 V vs. SCE for 1000 s in 1.5 M 

methanol and 0.5 M H2SO4. As shown in Fig. 4B, the CA 

of Pt-NCuFO/PANI-CHS was better for methanol electro-

oxidation compared to the Pt/PANI-CHS. Initially, the flux 

of the prepared catalysts decreased rapidly, which was 

probably due to the poisoning of the catalysts by the 

intermediates produced during MO [27]. First, the anodic 

current density (ACD) of Pt-NCuFO/PANI-CHS (416.59 

mA cm-2) was higher than Pt/PANI-CHS (202.59 mA cm-

2). After the measured time (1000 seconds), the anodic 

current density of Pt-NCuFO/PANI-CHS (100.49 mA cm-

2) was still higher than that of Pt/PANI-CHS (13.96 mA 

cm-2). The Pt-NCuFO/PANI-CHS catalyst had higher 

initial current density and lower current density loss after 

1000 s, compared to Pt/PANI-CHS (Fig. 4c). Pt-
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NCuFO/PANI-CHS showed higher tolerance to the 

intermediates produced (such as CO) during MO [35], 

better stability and catalytic performance for methanol 

electro-oxidation, compared to the Pt/PANI-CHS catalysts. 

The electrochemical data of MOR at different catalysts are 

shown in Table 1 [36-44]. 

 

 

 

 
 

Fig. 3. A) CV curves and B) EAS plots of the catalysts in 0.5 M sulfuric acid. C) CV curves and D) Anodic peak mass activity plot 

of the synthesized catalysts in sulfuric acid 0.5 M and methanol 1.5 M. 
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Fig 4. A) Nyquist curves and B) chronoamperometry curves of the catalysts in sulfuric acid 0.5 M and methanol 1.5 M and C) the 

initial and retained current density and activity decline ratio of the catalysts after 1000 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions  

    In this study, Pt-NCuFO/PANI-CHS nanocatalysts were 

successfully synthesized by dispersing NCuFO and 

platinum nanoparticles on polyaniline and chitosan 

substrates. The electrocatalytic performance of the 

catalysts was determined for MOR and compared with that 

of Pt/PANI-CHS nanocatalyst. Pt-NCuFO/PANI-CHS 

showed excellent catalytic performance for MOR. It was 

shown that the presence of NCuFO nanoparticles along 

with Pt significantly increased its electrocatalytic 

performance for MOR. The Pt-NCuFO/PANI-CHS 

nanocatalyst had a higher electrochemically active surface 

area, higher anodic peak current density, higher anodic 

peak mass activity, and less poisoning effect, compared to 

Pt/PANI-CHS, indicating that Pt-NCuFO/PANI-CHS is a 

suitable catalyst for use in DMFCs. 
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