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Abstract. Copper doped MnO2 nanoparticles have been developed by co-
perception technique without using any surfactants and templates. The phys-
iochemical and thermal properties of the as-prepared nanoparticles have been
analysed by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spec-
troscopy, and Thermogravimetric analysis (TGA) and/or Differential thermal
analysis (DTA). The catalytic performance of MnO2 and Cu doped MnO2

nanoparticles have been assessed via cyclic voltammetry (CV). The crystal
structure of MnO2 and Cu doped MnO2 nanoparticles was the sharply crystal-
lized a-MnO2. However, the Copper dopant has no noticeable influence on the
crystallization of MnO2 as determined by the results of XRD analysis. The
formation of M-O (M = Mn, Cu) was confirmed from FTIR study. Cu-doped
MnO2 nanoparticles showed improved thermal stability as confirmed by
TGA/DTA analysis. The doping amount had a high impact on the catalytic
performance of the Cu-MnO2 nanoparticles. The Cu-MnO2 nanoparticles
showed better catalytic performance as compared to pure MnO2. Hence, Cu-
doped MnO2 nanoparticles showed improved catalytic activity and thermal
stability.
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1 Introduction

Oxygen reduction reaction (ORR) is the principal kinetically restricting the air elec-
trode reaction in energy conversion and storage technologies such as rechargeable
metal-air batteries (MABs) and supercapacitors [1, 2]. Preparing electrocatalysts for
ORR is a critical issue. Thus, the most extensively used ORR catalysts are yet platinum
(Pt) based nanoparticles due to their best performance [3, 4]. However, the practical
utilization of Pt for ORR is limited because of its low abundance and high cost [5, 6].
Hence, different kinds of materials such as metal alloys, transition metal oxides, metal
oxide, and hybrid materials were mostly used electrocatalysts for ORR [7]. However,
utilizing cheap and active oxygen electrocatalysts for ORR remains a big problem [8].
Among these MnO2 has been used as an electrocatalyst for ORR due to its abundance,
novel electrocatalytic performance, low price, and environmentally friendly charac-
teristics. MnO2 can exist with five types of crystal phases (a-, b-, c-, d-, and k-MnO2)
[9, 10]. The catalytic activity of MnO2 depends greatly on the crystallographic
arrangement, following the order of a � d > c > k > b as stated in the literatures [11,
12]. Investigation on MnO2 as oxygen electrocatalysts for the ORR associated with the
influence of the structure, composition, and morphology, on the catalytic activity [13].
Hence, the most studies have been focused in enhancing the ORR activity via com-
positing or doping MnO2 with different transition metals, such as copper (Cu), silver
(Ag), iron (Fe), nickel (Ni), and cobalt (Co) doped MnO2 electrode for ORR appli-
cation, which change electronic structure and electrochemical performance [14]. To
improve these challenges, MnO2 has been combined with other materials to obtain
good electrochemical performance, such as nanocomposites, nanotube @MnO2, gra-
phene@MnO2, carbon Co3O4@MnO2, and CuO@MnO2 [15]. In addition, cation
doping has been proven to be an effective method to improve the conductivity of
materials. Copper cation is considered to be one of the most suitable candidates for
cation doping, as an effective doping cation to enhance the electrochemical perfor-
mance. However, it is still a challenge to gain high-performance MnO2 nanomaterials
via a low-cost and simple preparation method [16]. Until, similar studies on Cu2+

doped MnO2 nanoparticles for ORR utilization have not been reported very well [17,
18]. Hence, various techniques were applied for the development of doped MnO2

which includes thermal decomposition, simple reduction [19], solid-phase process,
hydrothermal [20], microwave, physical vapour deposition [21], chemical vapour
deposition, electro deposition, sol-gel process, aerosol processing, and co-precipitation
[22, 23]. Here we have reported the simple co-precipitation technique for the devel-
opment of different levels of (0.025–0.1M) Cu-ion doped in MnO2 nanoparticles for
ORR application. This study investigates the synthesis of high-performance Cu-ion
doped MnO2 nanoparticles via a low-cost and simple preparation method in an alkaline
medium.
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2 Materials and Methods

2.1 Chemicals

All chemical were purchased in alpha chemika (India) and utilized without any puri-
fying. Distilled water (DW) was utilized to prepare all solutions. Manganese sulfate
monohydrate (99%, MnSO4.H2O), NaOH solution, potassium permanganate (99.5%,
KMnO4), ethanol, and Copper sulfate pentahydrate (CuSO4.5H2O) were used as
precursors.

2.2 Preparation of a-MnO2 Electrocatalysts

Cu-doped a-MnO2 and a-MnO2 nanoparticles were synthesized via co-perception
technique. Firstly, 0.3M of MnSO4.H2O was dissolved in 40 mL of DW and stirred.
Then, CuSO4.5H2O desired mole of (0.025, 0.05, 0.075, and 0.1 M) prepared in 40 mL
of DW was added dropwise. Additional, 0.2M of potassium permanganate dissolved in
60 mL of DW was added dropwise to the mixture of MnSO4.H2O and CuSO4.5H2O.
Adjust the pH of the solution to12 by adding 0.2 M NaOH. After 5 h of stirring at
80 °C the precipitate of Cu doped MnO2 nanoparticles were obtained. The product was
filtered and cleaned with DW. The as-prepared nanoparticles have been dried at 100 °C
for 12 h to evaporate water and volatile components. Finally, the as-prepared products
were annealed at 500 °C for 3 h. Figure 1 shows schematic illustration of Cu-MnO2

electrocatalysts preparation via co-precipitation approach.

2.3 Characterization Techniques

The functional groups and other impurities exist in as-prepared samples have been
determined via Fourier Transform Infrared spectroscopy (FTIR) (JASCO MODEL FT-
IR 6660) in the wavelength range of 400–4000 cm−1. The thermal property was studied

Fig. 1. Schematic illustration of Cu-MnO2 electrocatalysts preparation by co-precipitation
technique.
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by using TGA/DTA analysis. The XRD patterns of the synthesized nanoparticles were
investigated by XRD (SHIMADZU, MAXima_X XRD-7000) with Cu-Ka radiation.
Electrochemical analyses were conducted by three electrode CHI760E electrochemical
workstation.

2.4 Electrochemical Measurements

A Glassy Carbon Electrode (GCE) of 3 mm has been used as a working electrode.
Moreover, the electrode was sonicated with DW and ethanol for 10 min. Ag/AgCl
(with an electrolyte of 0.1 M KOH) and Pt coil were utilized as a reference and counter
electrodes, respectively. Then, 5 mg of MnO2 and Cu-doped a-MnO2 nanoparticles
dispersed in a solution of 1 mL (2:1 v/v water/isopropanol mixed) was drop cast
(15 mL) constantly on to the GCE electrode surface and dried. Cyclic voltammetry
(CV) was conducted at a sweep rate of 50 mV s−1 in the range of +0.1 and −0.7 V.

3 Results and Discussion

3.1 Structural Analysis

The structure and phase purity of MnO2 and Cu-doped MnO2 nanoparticles were
analysed by XRD in a 2h range of 10–80°. Figure 2 illustrates the XRD pattern of
MnO2 and Cu-doped MnO2 nanoparticles. As provided in Fig. 2, sharp diffraction
peaks had been located at 2h of 12.67°, 17.99 o, 28.67°, 37.49°, 41.89°, 49.77°, 56.15°,
60.11°, 65.34°, 69.39°, 72.88°, which could be assigned to the (110), (200), (310),
(211), (301), (411), (600), (521), (002), (541), and (312) planes of MnO2 (JCPDS 00-
44-0141). Both XRD peaks shows phase of a-MnO2 with tetragonal structure. How-
ever, with Cu dopant increasing copper oxides or other impurities of XRD peaks were
not remarked, showing the high purity of as-prepared a-MnO2 nanoparticles. The
Average crystallite size of the a-MnO2 and Cu doped MnO2 were computed through
Scherer equation.

D ¼ Kk
bcosh

ð1Þ

where “K” is the Scherer constant = 0.89, “D” is the crystallites size, “k” = 1.5406 Å
(wavelength of X-rays), “b” (in radians) is the FWHM and “h” is the peak position.
The average crystallite size determined for a-MnO2 and Cu doped MnO2 nanoparticles
were found to be 4.1 nm and 5.3 nm, respectively. Crystallite size was increased after
the doping of copper due to Cu addition into the tunnels.
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3.2 Functional Group Study

FTIR spectra of un-doped MnO2 and Cu-doped MnO2 nanoparticles were analysed in
the range of 4000–400 cm−1, to investigate the functional groups on the surface of as-
prepared materials, and displayed in Fig. 3. The bands located at 3425 cm−1 may be
because of the stretching vibrations of hydroxyl groups. The peaks at 1647 and
1097 cm−1 are corresponding to the bending vibration of structural OH− and H2O. The
peaks observed at around 521 cm−1 are ascribed to the metal-oxygen (M–O) bending
vibrations of MnO2 and Cu doped in MnO2. The results obtained via the FTIR analysis
confirm that Cu doped in MnO2 nanoparticles was successfully developed. Thus, after
doping with cu-ion the peaks at 3425 and 1647 cm−1 are stronger than those of the pure
MnO2, which indicates that cations dopant could facilitate the formation of hydroxyl
OH− or H2O molecules.
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Fig. 2. XRD patterns of (a) MnO2 and (b) 0.01 M Cu-doped MnO2 nanoparticles.
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3.3 Thermal Properties

To examine the thermal characteristics of MnO2 and Cu doped MnO2, TGA/DTA
investigation have been examined in the temperature range of 30 °C–900 °C. The
analysis was conducted with an increment of 10 °C per min in air atmosphere (Fig. 4).
The TGA curve of MnO2 displays three main weight losses in the temperature range of
30–129 °C, 130–534 °C, and 535–596 °C as shown in Fig. 4(a). The primary weight
loss (0.38 mg) is associated with physically adsorbed water molecules, and the next
(0.58 mg) corresponds with the phase change of MnO2 to Mn2O3. Finally, the third
phase of weight loss is associated with the phase change of Mn2O3 to Mn3O4. Hence,
the analysis was started with 8 mg of MnO2 and after exposed to 900 °C temperature,
the remaining mass of MnO2 was 6.85 mg with 14.38% weight loss. In the DTA
analysis, the two endothermic and the exothermic peaks observed at 122 °C, 603 °C,
and 807 °C indicates the elimination of physisorbed species, and the phase change from
MnO2 to Mn2O3 and Mn3O4, respectively. Similarly, The TGA curve of Cu doped
MnO2 exhibits three main weight losses in the temperature range of 30–315 °C, 316–
534 °C, and 535–868 °C as shown in Fig. 4(b). The first weight loss (0.6 mg) ascribed
to physisorbed species and the next (0.19 mg) is associated with the phase change of
MnO2 to Mn2O3. Finally, the third stage of weight loss (0.2 mg) is associated with the
phase change of Mn2O3 to Mn3O4. Thus, the analysis was started with 8 mg of MnO2

and after exposed to 900 °C temperature, the remaining mass of Cu doped MnO2 was
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Fig. 3. FTIR spectra of pure MnO2, and Cu doped a-MnO2 nanoparticles.
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7.01 mg with 12.34% weight loss. In the DTA analysis, the endothermic and the two
exothermic peaks observed at 122 °C, 603 °C, and 807 °C indicates the elimination of
physisorbed species, and the phase change from MnO2 to Mn2O3 and Mn3O4,
respectively. From the analysis Cu-doped MnO2 nanoparticles showed good thermal
stability with 12.34% weight loss.
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3.4 Electrochemical Property Analysis

The ORR catalytic activity of the modified electrodes was investigated by CV in O2

saturated in 0.1 M KOH aqueous solution at the scan rates of 50 mV s−1, as shown in
Fig. 5. The reduction peak was measured at −0.462V (vs. Ag/AgCl) for pure a-MnO2.
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Fig. 5. CV curve of: (a) MnO2 and Cu doped a-MnO2 nanoparticles, (b) 0.1Cu doped MnO2 of
20 cycles, at a scanning rate of 50 mVs−1.
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However, 0.075 and 0.1Cu doped MnO2 showed enhanced reduction peak at −0.349 V
(vs. Ag/AgCl) as shown in Fig. 5 (a). Hence, to determine the electrode stability of the Cu
doped MnO2 catalyst, a series of CV scans (of 20 cycles), at a scanning rate of
50 mVs−1, for 0.1Cu dopedMnO2 nanoparticles was taken out as displayed in Fig. 5 (b).
The result reveals that the positions of reduction peak of electrode did not exhibit any
notable variation with the increasing cycles, showing excellent electrode stability [24].
Overall, the CV analysis confirmed that Cu doped a-MnO2 is a promising ORR oxygen
electrocatalyst.

4 Conclusions

In this paper, the structural, thermal and, electrochemical characteristics of MnO2 and
Cu-doped MnO2 nanoparticles with different Cu concentrations synthesized by co-
prescription technique have been studied. The XRD patterns showed that Cu ions
substituted Mn ions without altering the tetragonal structure up to 0.1 M Cu-doping.
However, the Crystallite size increases from 4.1 nm to 5.3 nm with an increment of
dopant concentration to 0.1 M. TGA/DTA analysis confirmed that Cu doped MnO2

nanoparticles show an improved thermal property. The catalytic characteristics of
MnO2 and Cu doped MnO2 nanoparticles as an effective electrocatalyst for ORR in
alkaline media were studied via CV. The catalytic activity of as-prepared catalysts was
exactly connected with its crystal structure. The results gained in this study show that,
the Cu doped MnO2 nanoparticles possess higher catalytic activity than MnO2 for
ORR. Additionally, the CV measurements confirm that the dual impact within Cu and
Mn improves the performance by breaking of O-O bond in oxygen. Hence, the
excellent electrochemical properties of Cu doped MnO2 nanoparticles for ORR
addresses it as a promising candidate in different oxygen electrocatalytic utilization
such as fuel cells and MABs.
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